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ABSTRACT
The study reported in this thesis furthers knowledge on the performance of SUDS 
ponds in Scotland and provides an enhanced method for analysing and reporting 
SUDS water quality performance. The research is based on information gained from 
intensive flows and water quality studies at two SUDS ponds, and additional water 
quality data obtained at a third pond, over a period of three years. The ponds are 
located in a new development area, Duloch Park, in Dunfermline in eastern 
Scotland, commonly known as DEX.
Hydraulic monitoring of two ponds clearly showed that both performed well in 
attenuating flow rates and it was also evident that one of the two ponds, in a 
catchment with soil class 4, significantly reduced runoff volumes. This demonstrated 
that even in soil class 4, SUDS can reduce runoff volumes under certain conditions. 
The other pond was subject to groundwater inflow and did not achieve reduction in 
runoff volumes. Monitoring results also suggested that detention basins can 
significantly reduce peak flows of runoff events that have flow rates below the 
activation level of the outflow control. Catchment runoff results suggested that the 
standard method used by Scottish Water for calculating greenfield runoff, the IH 124 
method, may not be best suited for determining outflow rates from SUDS. For two 
adjacent catchments at Duloch Park, this method under estimated all but one of the 
predicted outflow rates for one of catchment, and over estimated all but one of the 
predicted outflow rates for the other.
It was found that the ponds performed well in removing certain pollutants from urban 
runoff and in attenuating peak concentrations of others. One of the three ponds 
performed consistently better in attenuating pollutants than the others, most likely 
due to calmer flow conditions and water seepage that often resulted in partial or total 
containment of runoff events. Results from sediment data suggest that a SUDS 
pond’s required sediment removal cycle is strongly depending on its flow regime. 
Runoff quality data highlighted that the largest amounts of pollutants were generated 
in the residential housing catchment. The effectiveness of the three ponds in terms 
of nutrient removal was not established with absolute robustness, as the collected 
data did not cover a complete seasonal cycle.
The water quality data was interpreted by means of a water quality index which was 
modified from an existing index for Scottish watercourses and is parameter 
weighted. Parameters that were deemed irrelevant for the analysis of SUDS 
performance were deleted, while the weighting for the remaining parameters was 
changed. On a scale from zero to 100, the index can typify the performance of 
single water quality parameters and also represent the overall water quality when all 
parameters are combined. It was found that the index significantly enhanced data 
analysis and performance reporting of SUDS facilities. The index is a versatile tool 
that can be used in both spreadsheet data analysis and modelling software. Further 
amendment and calibration of the parameter weighting of this index is required to 
make it suitable for water quality analysis and performance reporting of SUDS.
Two of the monitored catchments were modelled in PCSWMM 2002 (Personal 
Computer Storm Water Management Model), and the existing SUDS layouts were 
compared to alternatives. The performance of each layout was evaluated for its 
predicted performance in peak flow and volume reduction. For this, a method that
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rated the predicted SUDS performances against a conventional pipe system on a 
scale from zero to one was used. The modelling study highlighted several 
shortcomings of SWMM and other currently available drainage models in the 
analysis of SUDS.
The study concludes that the SUDS ponds investigated are performing well for their 
purpose, but that alternatives to the current ponds and treatment train layouts would 
achieve similar results while being more space efficient. It is also concluded that the 
water quality index proposed in this study is an excellent method for analysing and 
reporting of SUDS performance, but further amendments and calibration is needed 
to make it fit for purpose. It is proposed that this is undertaken by a panel of experts 
that covers all fields related to urban runoff quality and SUDS issues. When fully 
developed, the proposed water quality index could serve as the base for the first 
standardised SUDS efficiency analysis and reporting tool world wide.
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Chapter 1 Introduction
The approach to surface water drainage in  Scotland has undergone a dramatic change  
since the late 19 8 0 ’s. S im ple separation o f  surface water from  com bined  sew ers to  
m in im ise urban flood in g  problem s and alleviate hydraulic loads on w aste w ater  
treatment w orks has g iv en  w a y  to the paradigm  o f  sustainable w ater resource  
m anagem ent. This sh ift w as consolidated  in  the p o licy  o f  the Scottish  E nvironm ent 
Protection A g en cy  (SE P  A ) on  the sustainable m anagem ent o f  urban surface ru n off  
(SEP A , 1997). In addition to the hydraulic protection o f  w atercourses the n ew  p o lic y  
focu ses on  w ater quality  issu es related to urban surface ru n off and, as a con seq u en ce, 
the installation o f  sustainable urban drainage system s (S U D S ) w as m ade a standard  
requirement for surface water drainage in n ew ly  built developm ents. The rapid 
uptake o f  S U D S  in  Scotland w as docum ented b y  W ild  et al (2002) w h o  sh ow ed  that 
around 4 ,0 0 0  system s on  7 6 7  sites w ere installed  b etw een  1996 and 2 002 . B est  
drainage practice for large developm ents recom m ends the installation o f  a 
com bination o f  S U D S  facilities in series to ach ieve best w ater quality im provem ent 
and hydraulic attenuation (D ’A rcy et al, 2005; C am pell et al, 2 004 , Bray, 2 0 0 1 ). 
Ponds are recom m ended as the final stage o f  this series, or treatment train, as th ey  
are deem ed to deliver im provem ent in water quality, and potentially  provide valuable  
eco log ica l habitats and aesthetic value.
A lthough it is  generally  accepted that S U D S  ponds deliver im provem ents in  urban  
ru n off quality, data on  the water quality perform ance o f  S U D S  facilities in  their 
entirety are sparse. For exam ple, b y  the end o f  1999, o n ly  6 S U D S  ponds in  
Scotland w ere subject to  research w ork (H eal, 2 0 0 0 ). Furthermore, the m ethods o f  
m easuring water quality perform ance o f  S U D S  are still not geared towards the u se  o f  
practitioners and often  provide a con fu sin g  picture o f  the effectiven ess o f  som e  
S U D S  facilities. To address these issues, th is research focu ssed  on provid ing a w ater  
quality index m ethod that can be un iversally  applied to all S U D S  to sim p lify  the  
assessm ent o f  S U D S  w ater quality perform ance for practitioners. T he research also  
contributes to k n ow led ge on  the perform ance o f  S U D S  ponds under Scottish  
m eteorological conditions and intensive field  studies over a period o f  three years 
w ere undertaken to ach ieve this aim. M eteorologica l conditions sim ilar to Scotland  
can be found in other areas o f  the w orld, for exam ple in the coastal reg ions o f
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northern G erm any and in  the north w est o f  the U S A  (e.g. W ashington  and O regon  
States), and results from  this research are lik e ly  to also b e va lid  there. 
M eteorological conditions are probably the on ly  set o f  param eters that are particular 
to the location  a S U D S  is b ein g  designed  for. Other parameters, such  as potential 
pollu tion  loads and qualities, are m ain ly  dependent on the type o f  urban 
developm ent.
Figure 1-1 show s an o verv iew  o f  the stages that led  to the com p letion  o f  this thesis.
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Figure 1-1: Thesis overview
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1.1 Rationale
Sustainable Urban D rainage System s (S U D S ) are required for any n ew  d evelopm ent 
w here surface w ater is d ischarged d irectly  to a w atercourse. The Scottish  
E nvironm ent Protection A g en cy  (SE P A ) is  forging ahead w ith  attem pting to  
construct S U D S  retrofits in  identified  problem  areas to m in im ise  hydraulic and water  
quality im pacts on  receiv in g  waters. H ow ever, there are still no robust m ethods for  
m easuring the effectiven ess o f  SU D S . To determ ine water quality im provem ents in  
S U D S  a m ethod is needed  that is com prehensive and robust, w h ile  still b ein g  
transparent and uncom plicated  to apply. T he m ethod  should b e suitable to replace  
the currently w id e ly  used  practice o f  m easuring S U D S  w ater quality perform ance in  
percentage rem oval o f  pollutants and com plem ent the draw ing o f  con clu sion s from  
direct analysis o f  each investigated  param eter’s fie ld  data. The m ethod should  also  
b e su ffic ien tly  versatile to accom m odate future sh ifts in  thinking on  the im portance  
o f  the included parameters in a  S U D S  context and a llow  the in clu sion  o f  additional 
parameters w ithout invalidating previous perform ance indications.
SEP A , environm ental action  groups, and an increasing num ber o f  landscape  
architects, prom ote ponds in  the surface drainage system s o f  urban d evelopm en ts for 
the eco log ica l and aesthetic benefits that these facilities provide. T he in clusion  o f  
ponds in  urban surface w ater drainage system s is generally  deem ed  to result in  
im proved runoff quality (e.g . A nderson et al, 2 002). H ow ever, there is  a lso  
acceptance in the scien tific com m unity that m ore research is  needed  to understand  
the w ater quality perform ance o f  S U D S , includ ing ponds, in  their entirety (e .g . 
Backstrbm  et al, 2002; Chocat et al, 2001; Jefferies et al, 1999; M arsalek and  
C hocat, 2002). To date, on ly  a  few  studies on  w ater quality perform ance and  
sedim ent quality o f  S U D S  ponds under Scottish  conditions have b een  undertaken  
(H eal, 2000; H eal and Drain, 2003; Jefferies et al, 2001; M acdonald et al, 1999). 
Sim ilarly, a num ber o f  research projects around the w orld  have reported on  the 
hydraulic perform ance o f  S U D S ponds (e.g . B ooth  and Jackson, 1997; B u ch h o lz  et 
al, 2 0 0 0 ), but, to date, few  flo w  studies have b een  undertaken on  S U D S  ponds under 
Scottish  conditions. In light o f  these issu es, the research presented in  this th esis can  
b e deem ed a valuable contribution in  advancing scien tific  k n ow led ge on  S U D S
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ponds, providing an important tool for analysing and reporting the w ater quality  
effectiven ess o f  S U D S .
The research presented in  this thesis focu ssed  on  inform ation gathered during three 
years o f  in tensive field  studies on tw o  S U D S  ponds in the D unferm line Eastern  
Expansion  (D E X ). The data gained w ere supplem ented w ith  pond  sedim ent data, 
obtained b y  H eal (2 0 0 4 ), and m anually co llected  w ater quality data from  a third 
pond. In addition, data from  hydrological m easurem ents w ere integrated into a 
m od ellin g  study on flo w  attenuation effectiven ess o f  S U D S . From  this p o o l o f  data 
and results, conclusions w ere drawn on  the w ater quality perform ance o f  S U D S  
ponds and the flow  attenuation effectiven ess o f  various S U D S  layouts.
A  water quality index for S U D S  w as developed , based on  a freshw ater quality index  
developed  b y  the S D D  (S D D , 1976). The proposed index con sists o f  w ater quality  
parameters that are important indicators o f  S U D S  perform ance and states the overall 
w ater quality on  a sca le ranging from  zero to one hundred.
Figure 1-2 presents an overv iew  o f  the various tasks undertaken and the m ain  areas 
w here it is m aintained that kn ow led ge has b een  enhanced.
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Contribution to scientific knowledge in:
Developing a water quality index system for SUDS 
Flow attenuation effectiveness of SUDS ponds 
Water quality effectiveness of SUDS ponds 
Flow attenuation effectiveness of SUDS treatment trains
Figure 1-2: Tasks undertaken and main outcomes
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1.2 Research Aim and Objectives
The research aim s o f  this thesis are:
1. To further k n ow led ge about pollu tion  attenuation and rem oval in  S U D S  ponds.
2. To provide practitioners w ith a readily applied technique for the w ater quality  
assessm ent o f  S U D S  facilities.
3. To further k n ow led ge about flo w  attenuation in S U D S  ponds and S U D S  
treatment trains.
In order to ach ieve th ese aim s, a set o f  ob jectives w as defined  at the outset o f  the  
research:
1. A ssess  the current state o f  kn ow led ge about the w ater quality perform ance o f  
S U D S  ponds and approaches to w ater quality indexing  through a rev iew  o f  
relevant literature.
2. A ssess  the hydraulic perform ance o f  S U D S  ponds and approaches to hydraulic  
m od ellin g  through a review  o f  relevant literature.
3. A nalyse the w ater quality perform ance o f  three S U D S  ponds, based  on  fie ld  
studies over three years.
4. A nalyse the flo w  attenuation perform ance o f  tw o S U D S  ponds, based on  field  
studies over three years.
5. D evelop  a num erical technique for S U D S  w ater quality  evaluation o f  data from  
field  m easurem ents.
6. E xam ine the hydraulic perform ance o f  various treatment train layouts using  
surface water m od ellin g  software.
1.3 Thesis Structure
This thesis has been  constructed in eight chapters.
This chapter (Chapter 1) introduces the reader to the w ork and sets out a fram ework  
to guide the reader through the thesis.
Chapter 2 provides a rev iew  o f  research in  the area o f  S U D S  ponds. Particular 
attention w as paid to research concerning perform ance o f  S U D S  ponds as w e ll as
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approaches to w ater quality indexing. Inform ation is  a lso provided on  urban  
drainage softw are and the role o f  m od ellin g  in the context o f  urban drainage.
Chapter 3 describes the sites under investigation  along w ith  details o f  the field  
activ ities and data co llection  procedures used  during the study.
Chapter 4 presents the hydrologic fie ld  investigations, starting w ith  data analysis  
results o f  rainfall over D u loch  Park and relationships b etw een  rainfall and catchm ent 
flow s. Then, flow s at H albeath and L inbum  ponds are analysed  and con clu sion s on  
flo w  attenuation o f  S U D S  ponds are drawn. F inally , the results are u sed  to d iscuss  
the IH 124 m ethod o f  greenfield  analysis in  a S U D S  context.
Chapter 5 analyses the hydraulic behaviour o f  the H albeath and L inbum  pond  
catchm ents using  the m od ellin g  package P C SW M M  2 002 . Individual m od els for  
each catchm ent w ere constm cted  and the predicted perform ances o f  the ex isting  
S U D S  layouts w ere com pared w ith alternative scenarios in  term s o f  their peak  flo w  
and vo lu m e attenuation effic ien cy . In addition, several w eak n esses o f  the m od ellin g  
softw are in  replicating S U D S  are identified  in  this chapter.
Chapter 6 presents the results o f  w ater quality investigations at three ponds. R esult 
sum m aries a long w ith  details o f  representative w ater quality events are provided  and 
conclusions on  pond perform ance are drawn. The chapter also incorporates research  
on sedim ents in these ponds, carried out betw een  1999 and 2003  b y  H eal (2 0 0 4 ).
The chapter also d iscusses the potential im plications o f  the w ater quality results on  
future S U D S  pond design.
Chapter 7 is  the k ey  section  o f  this thesis. There, a w ater quality  index  for S U D S  is  
derived from a freshwater quality index developed  b y  the Scottish  D evelop m en t  
Departm ent (S D D , 1976) and tested on  w ater quality data presented in  Chapter 6. 
F ollow in g  this, the case for using a w ater quality index for reporting S U D S  
perform ance is set out.
Chapter 8 sum m arises and concludes on  the m ain findings and provides  
recom m endations.
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Chapter 2 SUDS Ponds and Water Quality Issues In 
The Context Of Current Storm Water Drainage
This chapter commences by providing information about the effects o f  urbanisation 
on a watershed. It continues with the current definition o f SUDS and a brief 
overview o f events that led to the use o f SUDS in Scotland. A detailed literature 
review on SUDS ponds is presented thereafter. Information is also provided on 
approaches to the development o f water quality indices. Finally, information is 
provided on computer simulation software and the role o f modelling in urban 
drainage.
2.1 Effects Of Urbanisation On The Water Balance
The effects o f  urbanisation on  the water balance and hydraulics o f  a w atershed are 
ex ten sively  covered  in  the literature (e .g . H am m er, 1972; Graf, 1975; W illiam s et al, 
1998; Paul und M eyer, 2 0 0 1 ) and this section  sum m arises o n ly  the m ost sign ificant 
issues.
U ndeveloped  land has typ ica lly  little surface runoff, as m ost o f  the rainfall infiltrates 
into the topsoil, is  stored in sm all depressions w h ich  are em ptied b y  evaporation, 
intercepted b y  vegetation  from  w hich  it eventually  evapo-transpirates, or percolates  
s lo w ly  through the so il m antle as interflow  to a water body. A s  a result o f  these  
processes, rainfall effects on  runoff vo lu m es are averaged out over a lo n g  period  o f  
tim e (R oesner et al, 2 0 0 1 ).
A s a w atershed is  d eveloped  the ground is com pacted b y  bu ild ing activ ities and a 
significant percentage is covered w ith  im pervious surfaces, such as roads, parking  
lots and roofs. W ith urban developm ent, natural h o llo w s are flattened and ru n off  
slopes are increased (e .g . through pitched roofs). In addition, natural flood  p lains are 
often filled  in or obstructed, reducing the available storage o f  rivers and their 
conveyance capacity (CIRIA, 1992), and natural w atercourses are replaced w ith  
hydraulically effic ien t p ip es and channels. F igures for G erm any sh ow  that the  
coverage o f  artificial w aterw ays is  approxim ately ten tim es denser in area than
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natural w aterw ays w ere before urbanisation took  p lace (S ieker, 2 0 0 0 ). T hese  
changes in catchm ent properties cause a m uch larger proportion o f  the rainfall to  
transform into surface ru n o ff (Schueler, 1987; R oesner et al, 2001; C oom bes et al, 
2 002). One estim ate (R oesner et al, 2 0 0 1 ) states that urban developm ent typ ica lly  
causes the catchm ent peak  flo w  rates to increase b y  a factor o f  tw o to  m ore than ten. 
The sam e authors a lso report that in  the m etropolitan D enver (C olorado) area, w h ich  
is situated on very  flat terrain on  a so il type w ith  h igh  infiltration capability, a s ix ty ­
fo ld  increase o f  the tw o year storm peak  w as observed. T hese find ings w ere  
confirm ed in a later study b y  N ehrke and R oesner (2001). R esearch b y  Schueler  
(1 9 8 7 ) on  a catchm ent in  M aryland found that the tw o-year peak  ru n off rate o f  the 
pre-developed catchm ent occurred three tim es per year i f  the area w as d eveloped  as 
residential and eight tim es per year i f  an industrial developm ent w as bu ilt there. This  
is a frequency increase o f  s ix  to sixteen  tim es. It has also been  frequently reported  
that the change in  flo w  peaks through urbanisation is  m ost dramatic for sm all 
frequency storm events (O ’L oughlin  et al, 1996, R oesner et al, 2001; Sulsbruck; 
1997).
The hydrologic effect o f  urbanisation is  illustrated in Figure 2 -1 . T he m ain  issu es are 
a clear upward shift o f  the flo w  frequency curve together w ith  the increased  peak  
ru n off vo lum es and v e lo c itie s  for a g iven  rainstorm  (e.g . h igher peak  flo w s for a 
storm w ith a 10-year return period. Point A  on  Figure 2 -1 ), and a sign ificant increase  
in  the frequency o f  the pre-developm ent peak flo w s (e.g . the peak flo w  resulting  
from  a 10-year storm  over an undeveloped  catchm ent can result during a storm  w ith  
a return period o f  6 m onths. Point B  on  Figure 2 -1 ).
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Pre-development--------Post-development
Figure 2-1: Effect of urbanisation on the flow frequency curve (adapted from Roesner
et al, 2001).
2.2 Effects of Urban Stormwater on Receiving Waters
Compared to w ater b od ies in  natural settings, w aters that receive  urban storm water  
are norm ally subject to higher pollutant loads along w ith  com p lete ly  altered w ater  
budgets and flo w  regim es (Gardiner, 1994; H all et al, 1993; Schueler, 1987; R oesner  
et al, 2 001). T hese often  m anifest th em selves in  physica l, w ater quality and aesthetic  
degradation o f  the receiv ing  water. The degradation is caused b y  storm water acting  
as a transport agent for pollutants w hich  are deposited  on  urban surfaces, a long w ith  
altered w ater budgets and catchm ent hydraulics that are the prim e cause o f  p h ysica l 
im pacts. The potential effects o f  urbanisation on  w atercourses are show n in  Figure
2- 2 .
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Figure 2-2: Potential impacts of urbanisation via hydrological change (Gardiner, 1994)
2.2.1 Physical Effects
M ost natural and semi-natural w atercourses have large stretches o f  unconsolidated  
and easily  erodable riverbanks, and the increase in  ru n off event frequency and peak  
flow  rates during and after rainstorms cause strong erosion. Channel w id en in g  o f  up 
to four tim es due to uncontrolled p ost-d evelop m en t ru n off has b een  reported b y  
H am m er (1972). Channel w iden ing  is lik e ly  to occur ev en  w ith  flo w  control 
m easures in  p lace. This is  because o f  the com m on  control practice o f  lim itin g  the  
site ru n off to the pre-developm ent peak flo w  for the design  storm, rely in g  on  
tem porary storage. A s a result o f  this practice, the receiv ing  w atercourse is  exp osed  
longer to potentially  erosive flow s than prior to developm ent (R oesner, 1997; 
R oesner et al, 2001). O nce a first channel m odification  has taken p lace, trees w h ich
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form erly protected the banks are exp osed  at the roots and are m ore lik e ly  to b e w ind- 
thrown, w h ich  m ight trigger a second  phase o f  bank erosion (Schueler, 1987).
Eroded sedim ent m oves downstream  and settles in  areas o f  low er flo w  v e lo c itie s , 
increasing the likelihood  o f  flood in g  in  areas that w ere p rev iously  deem ed  safe. The 
m ean flo w  rate in rivers is  often  drastically  changed, due to the reduction o f  
interflow . R ivers affected  in  this w a y  u sually  have higher flo w s for short periods  
during and after rainstorm s w hich  are fo llo w ed  b y  periods o f  lo w  or ev en  no  flo w  
(H all et al, 1993). F inally, the increase in  im pervious surface area leads to reduced  
infiltration o f  rainwater into the groundwater table, w hich  in  som e areas m ay  lead  to 
ground subsidence that can cause b u ild in g  foundations to crack.
2.2.2 Water Quality Impacts
A  w id e  array o f  toxins and other pollutants is  produced and released  in  urban 
environm ents and deposited  on  surfaces. Storm water is  one o f  the m ain  transport 
agents for such substances from  urban surfaces into water b od ies in  and adjacent to  
settlem ents (Backstrom , et al, 2002). In the U K , at least one third o f  all o il po llu tion  
incidents w ith in  the Tham es R egion  can b e attributed to im perm eable urban surface  
runoff, and urban drainage com prises the third m ajor source o f  receiv ing  w ater  
pollu tion  in  Scotland (E llis & C hatfield 2 002). B esid es acting as a p o llu tion  v eh ic le , 
the erosive forces o f  stormwater can  d islod ge large am ounts o f  m aterial from  the  
bank and bottom  o f  the stream. T his m aterial is  carried downstream  and is  deposited  
in  lo w  flo w  velo c ity  areas (R oesner, et al, 2001; Sulsbruck, 1997; Schueler, 1987). 
There it can sm other the benthic habitat, often  causing catastrophic e ffec ts  on  the 
eco lo g y  and aesthetics o f  the affected  stream section  (Gardiner, 1994).
2.2.3 Ecological and Aesthetic Impacts
Urbanisation causes significant eco lo g ica l and aesthetical im pacts on  w atercourses. 
T hese im pacts are due to changes o f  catchm ent hydraulics, w hich  result in  p h ysica l 
alterations o f  w atercourses, and w ater quality degradation originating from  pollutants 
in  urban surface runoff.
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The p hysica l and w ater quality im pacts that urbanisation has on  w atercourses not 
on ly  harms benthic organism s but a lso  sp ecies w h ich  feed  on  them , causing  sp ecies  
at higher trophic lev e ls  to starve and eventually  disappear. The lo ss  o f  vegetation  
along riverbanks due to erosion  results in  lo ss o f  shade w h ich  m ay encourage  
increased inter-channel plant growth and d e-oxygen ation  (Gardiner, 1994). It m ay  
also cause a rise in  w ater temperature w h ich  can b e o f  particular concern for 
salm onid  waters. Channel w iden ing  due to erosion , com bined  w ith  low er base flow s  
caused b y  decreased infiltration and interflow , causes flo w  rates to drop during dry  
periods and potentially  b eco m e too lo w  to support certain sp ecies o f  aquatic life.
Frequently, large am ounts o f  w id e ly  d iverse chem ical pollutants present in  urban 
ru n off also add to the eco log ica l dam age caused b y  the changed h yd rologica l regim e  
o f  an urban catchm ent. It is w id e ly  accepted  and w e ll docum ented that, regardless o f  
their m ode o f  action, all pollutants decrease the b io log ica l health  o f  the receiv in g  
w ater (Gardiner, 1994) and have n egative  e ffects  on  species w h ich  depend fu lly  or 
partly on  aquatic life  for their nutrition.
Efforts have been  m ade b y  M axted and Shaver (1 9 9 7 ) to correlate the im pacts o f  
surface im perm eability through urbanisation to the strength o f  the loca l m acro­
invertebrate com m unity. T hese authors investigated  sites w ith  catchm ent areas 
having from  zero to seven ty  percent im perviousness. T heir results indicate a clear  
correlation betw een  undeveloped  catchm ents and catchm ents w ith  up to 15 percent 
im pervious surfaces, w ith  macro invertebrate com m unities fa lling  as the 
im perm eable surface increases. In contrast, no clear correlation w as found for  
im pervious areas b etw een  15 and 70  percent. T his im plies that even  very  lo w  
density  urban developm ents can have an eco lo g ica l im pact on  the receiv in g  w ater  
that can be as severe as h igh  density h ousing  areas.
A dding to the eco log ica l degradation o f  urban ru n off on  receiv in g  w aters is  the  
im pairm ent o f  their aesthetic value. B esid es physica l degradation, certain chem icals  
m ay cause colouring o f  water or foam  floating on  it. A lga l b loom s b eco m e also  
m ore lik e ly  and animal sp ecies disappear, eventually  leaving  a life le ss  w atercourse  
(Gardiner, 1994, R oesner et al, 2 0 0 1 , Schueler, 1987).
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2.3 Definition Of Sustainable Urban Drainage Systems
Sustainable Urban D rainage System s (S U D S ) is a term used  for urban surface w ater 
drainage system s w hich  have been  designed  in  accordance w ith  the current best  
practice (CIRIA, 2000). S U D S  operate b y  provid ing storage or flo w  attenuation and 
b y  exp lo iting  the natural p rocesses o f  sedim entation, filtration and biodegradation  to 
rem ove pollu tion  (W orking Party on  S U D S , 1999). The term S U D S  is  prim arily  
used  in the U K . In the U S A  and several other parts o f  the w orld  S U D S  are k n ow n  as 
B est M anagem ent Practice (B M P), w h ile  in  A ustralia the concept is  know n as W ater 
S en sitive Urban D esign .
Present thinking is  that sustainable urban ru n off control should  focus on  k eep in g  a 
w atershed’s post-developm ent m n o ff  hydrograph as c lo se  as p ossib le  to its pre­
developm ent characteristics (CIRIA, 2000). It is  a lso  w id e ly  accepted  that not o n ly  
should S U D S  address the ru noff hydrograph but a lso  m in im ise  the potential o f  urban 
pollutants reaching a w atercourse. T o ach ieve th ese objectives the concept o f  the 
S U D S  treatment train w as established. This is  show n in  Figure 2-3.
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Figure 2-3: The SUDS treatment train (adapted from DTI, 2003)
The priorities o f  the treatment train are defined  as fo llow s: S ite  m anagem ent, or 
‘good  housekeep ing’, to m in im ise the pollu tion  potential and hydraulic im pact from  
a site. S ite m anagem ent is  fo llow ed  b y  source controls w h ich  attenuate ru n o ff w h ile  
rem oving pollutants c lo se  to their origin. Source controls are fo llo w ed  b y  site
Chapter 2: SUDS ponds and w ater quality issues in the context o f  current storm w ater drainage  15
controls, w h ich  provide local detention or treatment, and regional controls including  
end of-p ip e w etlands or ponds w here necessary.
2.4 The Scottish Move Towards SUDS
In 1994 the form er Forth R iver Purification Board (FR PB) com pleted  a rev iew  o f  the 
causes o f  the poor quality reaches o f  the rivers in  its area. That rev iew  id en tified  
diffuse pollu tion , including urban runoff, as one sign ificant source (D ’A rcy  and 
R oesner, 1997). In 1996 the n ew ly  founded Scottish  Environm ent Protection  
A g en cy  rated tw enty-tw o percent o f  Scottish  w atercourses as seriou sly  p o llu ted  and 
tw enty percent as poor. The study identified  sm all urban stream s as the w atercourses 
that w ere m ost seriou sly  affected b y  poor w ater quality and concluded  that urban 
ru n off w as the prim e cause o f  pollution  (D ’A rcy & Sargent, 1996; SEP A , 1999).
A t the sam e tim e as the FRPB carried out its study on the state o f  its w atercourses, 
Gardiner (1 9 9 4 ) proposed a new  approach tow ards genuine sustainable river  
catchm ent m anagem ent stating that “ ...the interests o f the freshwater environment 
are strongly influenced, i f  not determined, by the nature o f land use... ” T he author 
advocated a paradigm  shift in catchm ent p lanning towards a h o listic  approach.
D uring the first h a lf  o f  the 1990s, the R iver Purification Boards o f  Scotland  (R P B S) 
m ade a d ec isiv e  m ove towards the im plem entation  o f  sustainable urban drainage b y  
prom oting a strategy to incorporate best m anagem ent practices (B M P s /  S U D S ) in  
the drainage o f  n ew  developm ents (Jefferies, 1999). The R PB S in itiative w as further 
prom oted b y  their successor organisation, SEP A , and today S U D S  are considered  as 
part o f  standard drainage design. N ational planning guidance for Scotland stipulates 
that all p lanning applications for n ew  d evelopm ents should incorporate drainage 
strategies and designs, including proposals for S U D S  (Scottish  E xecutive, 2 0 0 1 ).
This requirem ent has advanced Scotland w e ll ahead o f  the rest o f  the U K  and m any  
other European countries in  the im plem entation  o f  S U D S , and at present w ork  is  
being  carried out b y  Scottish  W ater together w ith  H R  W allingford to  incorporate  
S U D S  into the second  edition o f  the guidance docum ent on  urban drainage in  
Scotland, ‘Sew ers for Scotland’.
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The promotion of sustainable urban drainage by the Scottish Executive resulted in a 
rapid increase in the number of installed SUDS and a study by Wild et a l (2002) 
showed that almost 4,000 systems on 767 sites had been installed since 1996. This 
study also showed that almost fifty retention ponds were installed.
The increase in the number of sites with SUDS is shown in Figure 2-4. Figure 2-5 
shows the distribution of SUDS facilities over these sites.
F igu re  2-4: Increase in num be rs  o f SUDS s ite s  in S co tland  s in ce  1995, e x tra po la te d  to
2006 (W ild  e t a/., 2002)
F ig u re  2-5: N u m b ers o f  SU D S fa c ilitie s  in  S co tla n d  on 01 Jan  2002  (W ild  et al.,
2002)
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2.5 Sustainable Urban Drainage Facilities Used In Scotland
S U D S  facilities used  in Scotland include grassed filter strips and con veyan ce  
channels, ponds, w etlands and detention basins, as w e ll as porous surfaces and  
infiltration facilities. Table 2-1 g ives a b r ie f description o f  the S U D S  facilities  
applied in  Scotland.
Table 2-1: Description of SUDS (modified from Jefferies, 1999)
SUDS Type Description
Detention Basin Storage facility to detain water. Hydrographs are attenuated.
Retention Pond Storage facility which retains water long-term .
Infiltration Basin S im ilar to pond but all wa ter stored is exfiltrated from the basin into 
the underlying soil. Surface-based structure.
Wetland Pond w ith purifying plants.
Swale Linear grassed depression allowing lim ited amount o f storage, used 
fo r flow  conveyance and possibly infiltration.
Infiltration Trench Trench filled with media having large void ratio allow ing water 
storage underground.
Porous Surfaces High porosity pavements, generally car parks, with storage below  
surface. This type o f system can either infiltrate or attenuate flows.
Filter Strips Grassed area for stormwater overflow allow ing sedimentation prior 
entry to another SUDS facility.
Filter Drain Perforated pipe in gravel surround allowing exfiltration but attenuates  
forward flows.
This research focused  on  the perform ance o f  S U D S  ponds and they  warrant a m ore  
detailed description.
R etention ponds are storage facilities that retain w ater lon g  term (Jefferies, 1999). In 
their sim plest design , retention ponds are constructed as depressions in the ground  
that perm anently hold  water, have an outlet and on e or m ore inlets. S U D S  pond  
designs are typ ica lly  m ore elaborate than this and are often  constructed w ith  tw o  
chambers, a sedim entation p oo l and a m ain  pond area separated b y  a subm erged  
berm (Figure 2 -7 ). W hen the tw o cham ber d esign  is  used, pond in lets typ ica lly  
discharge into the sedim entation p o o l to a llow  the bulk o f  suspended so lid s to settle  
there. T w o cham ber S U D S  ponds are often  further im proved b y  em ergent w etland  
vegetation  planted on  the separation berm  and around the pond perim eter (F igure 2 -6  
and Figure 2-7). In term s o f  treatment effic ien cy , this arrangement has several 
advantages over ponds w ithout vegetation. Firstly, b io log ica l treatment p rocesses
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are enhanced. Second ly, w etland vegetation  shelters the pond  from  w in d  induced  
w a v e action  and provides energy d issipation  for incom ing flo w s and flo w s through  
the pond, resulting in  im proved settling conditions for suspended so lids. T he ponds 
investigated  for this research w ere tw o  cham ber ponds w ith  em ergent vegetation .
2.6 Definition Of SUDS Efficiency
H ydraulic and water quality e ffic ien cy  are k ey  m easures o f  S U D S  perform ance and 
com m on ly  expressed as percentage reduction o f  the parameter under investigation.
H ydraulic e ffic ien cy  considers tw o parameters, reduction in  peak  flo w s and 
reduction o f  total ru n off volum es. Peak flo w  reduction in S U D S  facilities is  
determ ined b y  com paring the peak flo w  rate o f  catchm ent ru n off into a S U D S  w ith  
the system ’s peak ou tflow  rate. T he vo lu m e reduction e ffic ien cy  o f  a  S U D S  facility  
is  based on  a m ass balance, com paring the ru n off vo lu m e into a S U D S  w ith  the 
vo lu m e that leaves the system  as surface flow . In recent years, a m ethod  o f  
com paring the hydraulic e ffic ien cies o f  hypothetical S U D S  layouts to each  other has 
been  developed  b y  H R  W allingford (K ellagher and Lauchlan, 2 005). In this m ethod, 
the hydraulic e ffic ien cy  o f  the S U D S under investigation  is com pared w ith  the  
perform ance o f  a drainage system  that relies on  conventional p ipe netw orks. A  
detailed description o f  this m ethod is  g iven  in  section  5.2.
W ater quality e ffic ien cy  o f  a S U D S should id ea lly  be based  on  a m ass balance that 
com pares the total loads o f  the pollutants under investigation  entering a S U D S  w ith  
the total loads being discharged. U nfortunately, exact m ass balances from  S U D S  are 
difficu lt to obtain and researchers often  com pare in flo w  w ith  o u tflow  concentrations  
for their e ffic ien cy  calculations. T his approach can produce m islead ing  results 
esp ecia lly  w hen  m ore com p lex  facilities, such as ponds, are investigated , as the 
m easured outflow  concentrations m ay  not a lw ays result from  the sam e event for 
w hich  in flow  concentrations w ere m easured. M easuring w ater quality e ffic ien cy  in  
terms o f  percentage rem oval o f  certain pollutants also has the d isadvantage that it 
d oes not a llow  determ ination o f  the real benefit o f  a S U D S  for the receiv in g  
watercourse. For exam ple, SU D S receiv ing  ru n off w ith  a T SS load o f  2 0  mg/1 and 
having an effluent w ith  a TSS load o f  18 mg/1 w ou ld  have a percentage rem oval
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effic ien cy  o f  10%. In contrast, a S U D S  receiv ing  runoff w ith  a T SS load  o f  1 ,000  
mg/1 and having an effluent w ith  a T SS load o f  100 mg/1 w ou ld  have a percentage  
rem oval e ffic ien cy  o f  90%  although it has a m uch m ore negative pollutant im pact on  
the receiv ing  water. In v ie w  o f  the am biguities related to m easuring the w ater  
quality e ffic ien cy  o f  S U D S  expressed  as percentage rem oval it can be argued that it 
is  preferable to focus on  the effluent quality o f  a S U D S , as this determ ines the im pact 
on  the receiv ing  water.
2.7 Review of Ponds
A s outlined earlier, S U D S  treatment trains typ ica lly  consist o f  a series o f  S U D S  
facilities. Large regional S U D S  treatm ent trains often  include a pond at their low est  
point for final effluent treatment. T his section  provides a b r ie f description  o f  ponds  
and a rev iew  o f  current kn ow led ge regarding their effectiven ess.
2.7.1 Description
R etention ponds are sm all m an m ade lakes, u sually  w ith  em ergent w etland  
vegetation  around the perimeter. T he w etland vegetation  b ench  provides aquatic  
habitat, enhances pollutant rem oval and m in im ises the form ation o f  a lgae mats. It 
also acts as a safety  barrier, aim ed at restricting children from  venturing into the 
water. R etention ponds are usually  designed  w ith  tw o sections, a sedim entation  p o o l 
and the m ain pond area.
Figure 2 -6  show s a S U D S  retention pond w ith  a typical layout. Figure 2 -7  is a 
schem atic long  section  through such  a pond.
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Sedimentation pool with 
depths of 0.3 to 0.9 metres
Submerged barrier 
with barrier planting
Submerged outlet to prevent 
floatable pollutants reaching 
the receiving water
. _t „•*< Aquatic bench with emergent 
wetland vegetationInlet structure
Main pond with maximum 
depths of 1.8 to 2.4 metres
F igure 2-6: SUDS re ten tion  pond
F igure 2-7: S chem a tic  lo ng  sec tion  th rough  a re ten tio n  pond
Retention ponds retain the bulk of pollutants by providing calm water that allows 
particles to settle to the bottom. They are also capable of removing certain pollutants 
by chemical and biological processes. Plant uptake of pollutants, on the other hand, 
is probably low, since retention ponds have the bulk of aquatic plants around their 
edges, limiting the probability of contact between pollutants and plants (Scholes et 
al, 2005). In addition, extreme mnoff pH and conservative contaminants, such as 
salts, are attenuated due to dilution in the pond which mitigates the risk of acute 
pollutant shock to the receiving water. Table 2-2 lists the removal processes in 
SUDS ponds.
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Table 2-2: Removal processes in SUDS ponds (adopted from EPA, 1983)
P o llu ta n t g ro up s Rem ova l P rocesses
Heavy Metals SorptionSettling
Toxic Organics
Sorption
Biodegradation
Settling
Phytovolatilisation
Nutrients Bioassim ilation
Solids Settling
Oil & Grease SorptionSettling
b o d 5 Biodegradation
Pathogens Settling  UV (sunlight)
To achieve the required pollutant rem oval and attenuation, s iz in g  and hydraulics o f  
retention ponds are o f  forem ost im portance. It is  com m on practice to target a certain  
pollutant and a certain design  storm and then calculate the required retention tim e for 
the pollutant to be broken dow n or for its settlem ent to the bottom  o f  the pond. T he  
required retention tim e determ ines the pond vo lu m e. This approach is  the sim plest 
for pond siz in g  but has a lso  often b een  criticised  for being over-sim plistic. Critics 
point out that this approach assum es that the detention period o f  ru noff entering a 
pond is constant, w h ich  is on ly  true for d iscrete particles under steady and p lug f lo w  
conditions (Krishnappan, et al, 1999; S om es, et al, 2000; U rbonas, 1997). T hey  
argue that under real conditions detention tim es vary w ith in flo w  characteristics and  
are often  non linear. In addition, storm  ru n off quality  varies strongly b etw een  
catchm ents and also  betw een  storm events (E llis , 1989). E llis  reported that the 
average quality betw een  catchm ents can vary b y  a factor o f  10 w hile  the quality  
betw een  different ru n off events for any s in g le  catchm ent can vary b y  a factor o f  3 
(see  Table 2 -3). Therefore, determ ination o f  the probability distribution o f  pollutant 
detention periods is  com plex, especia lly  w h en  seen  over the operating life  o f  a pond  
(Persson, 2000; Petterson et al, 1999, S om es, et al, 2000). A dding to the com p lex ity  
o f  p rocesses are erosion and re-suspension  o f  particulates in  non-uniform  flo w  fie ld s  
in  ponds (M arsalek et al, 1997).
R etention ponds can b e constructed to  provide surcharge detention  storage for flo o d  
control, but their m ain purpose is that o f  a pollutant rem oval and attenuation facility  
at the end o f  regional S U D S  treatment trains.
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Table 2-3: Event mean concentrations and unit loads for stormwater runoff (adapted
from Hall et al, 1993)
Pollutant Observed event mean Load per unit area in
concentrations in mg/l (Average kg/imp. ha/yr (Average
cone, in brackets) cone, in brackets)
Suspended Solids
21 -  2582 
(187)
347 -  2340
(487)
7 -2 2 35 -17 2
b o d5
(11) (59)
Ammoniacal Nitrogen
0 .2 -4 .6 1.2-25.1
(1.45) (1.76)
Total phosphorus
0.04 -  0.76 
(0.34)
0 .5 -4 .9
(1.8)
2.7.2 Performance
It is  generally  accepted that retention ponds perform  w e ll in  capturing suspended  
so lid s and rem oval rates o f  m ore than 90%  are often  reported (H all et al, 1993; H eal 
et al, 2005; Pettersson et al, 2002; Spitzer & Jefferies, 2005; U .S .E P A , 1983 in  
M arsalek & M arsalek, 1997). H ow ever, a studies undertaken in  A ustralia and the 
U K  suggests that no T SS reduction takes p lace beyond  a m in im um  concentration  
(G reenw ay, 2005; R evitt et al, 2003). In the Australian study the T SS o u tflow  
concentrations o f  six  S U D S ponds in  series w ere investigated. The results sh ow ed  
that, w h ile  the rem oval e ffic ien cy  in the first pond o f  the treatment train w a s 50% , no 
further T SS reduction took  p lace in  the downstream  ponds. U nder certain hydraulic  
conditions, and due to the effects o f  w ild life , suspended so lid s w ere actually  
exported. The T SS concentration b e lo w  w hich  a pond can not ach ieve any  
m easurable im provem ents is  pond sp ecific  and depends on  a variety  o f  factors such  
as pond design  and environm ent. W ell perform ing ponds can have efflu en t T SS  
concentrations o f  le ss  than 1 mg/1 (Spitzer and Jefferies, 2 0 0 5 ). It is  a w id e ly  held  
opin ion  that m any pollutants in  urban ru n off form  strong bonds w ith  sm all s ized  
suspended particulates (B avor et al, 2001; K rein and Schorer, 2000; K rishnappan and 
M arsalek, 2002; UKWER, 2004; V a ze  and C hiew , 2 0 0 2 ) and good  rem oval o f  
suspended particulates therefore indicates that a facility  w ill probably also perform  
w ell in  rem oving other pollutants.
Chapter 2: SUDS ponds and water quality issues in the context o f  current storm w ater drainage  23
G ood h eavy  m etal rem oval in  S U D S  ponds w as reported b y  num erous researchers 
and rem oval rates o f  26%  to more than 90%  w ere reported (Backstrom , et al, 2002;  
Farm, 2002; H all et al, 1993; H eal et al, 2005; N apier, et al, 2005; Pettersson et al, 
2002;). It appears that settling p rocesses are responsib le for the bulk o f  m etals  
retention in S U D S  ponds. A nalysis o f  data from  a S U D S  pond in C alifornia  
indicated that, although betw een  57%  and 93%  o f  incom ing copper, lead and zin c  
w ere retained in the pond under investigation, le ss  than 2% w as rem oved  b y  its  
vegetation  (N apier, et al, 2 005). T he su ggestion  that the bu lk  o f  the retained m etals  
are subject to settling processes is supported b y  a study o f  pond sedim ents in  
Scotland w here raised m etal concentrations w ere reported (H eal, 2 0 0 0 ). U n less  they  
are in  their d isso lved  state, m ost m etals in  urban ru n off form  strong bonds w ith  
particles that have a diam eter o f  le ss  than 50 m icro m etres (M agnuson et al, 2 0 0 1 ). 
The association  o f  m etals w ith  the group o f  very  sm all particles in  urban ru n o ff  
im plies that for effective  m etal rem oval, ponds need  to b e designed  to provide calm  
flo w  conditions. R esearch on a w etland and a pond in the U K  su ggests that h igh  salt 
concentrations in  ru n off m ay so lu b ilise  and release certain sp ecies o f  m etals from  
sedim ents o f  S U D S  ponds (Revitt et al, 2 003).
Large uncertainties are still attached to the perform ance o f  S U D S  ponds in  term s o f  
nutrient rem oval. A n  early study b y  H vitved-Jacobsen et al (1984) on  a S U D S  pond  
in  Orlando, Florida, found that about 99%  o f  the total phosphorus during sev en  years 
usage had accum ulated in the sedim ents at the bottom  o f  the pond. It w as a lso  
concluded that som e 85-90%  o f  the total nitrogen input had been rem oved. O ther 
studies suggest low er nutrient rem oval rates o f  betw een  43%  and 82%  (G reenw ay, 
2005; H all et al, 1993; N apier et al, 2 0 0 5 ) and a study undertaken b y  Bartone and 
U chrin (1 9 9 9 ) found negative nutrient rem oval rates. H ow ever, Bartone and U chrin  
investigated  in flow  and outflow  concentrations over on ly  four storm events and  
attributed their results to stormwater flush ing out stored w ater and associated  organic  
matter and nutrients. The v iew  that m easured ou tflow  concentrations can o ften  not 
be associated  w ith  in flow  concentrations is also held  by  D im ova  et al (2 0 0 5 ) w h o  
argue that m ost storm vo lu m es are m uch sm aller than the d isp lacem ent v o lu m e o f  the 
S U D S  pond. The nutrient rem oval from  ponds due to vegetation  harvesting a lso  
rem ains uncertain. There has been the general assum ption that pond vegetation  w ill  
assim ilate nutrients and that the harvesting o f  this vegetation  w ill perm anently
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rem ove them  from  the pond (H ansson and Fredriksson, 2004; H o so i et al, 1998; 
Martin and Fernandez, 1992). A lthough  nutrient uptake by plants is not disputed, 
little hard data are available to quantify ju st h ow  m uch is  actually  rem oved  b y  
vegetation  harvesting. D ata from on e site b y  N apier et al (2 0 0 5 ) su ggests that on ly  
5% to 7% o f  total n itrogen and 3% to 8% o f  total phosphorus rem oval in  a pond w as  
directly attributable to vegetation  harvesting. It is  also accepted  that nutrient rem oval 
b y  plants is  subject to seasonal cy c les  (Garver et al, 1988).
The potential for the rem oval o f  pathogens in  S U D S  ponds appears even  le ss  certain  
than nutrient rem oval e ffic ien cies. T he G eorgia Storm water M anagem ent M anual 
(Atlanta R C, 2 0 0 1 ) quotes rem oval e ffic ien c ies  o f  around 70% , provided no  
w aterfow l are present on  the pond. P onds can b ecom e net contributors o f  co liform  
bacteria and pathogens i f  large w aterfow l populations are present. L ike m any other 
urban pollutants, pathogens are know n to form  strong bonds w ith  c la y  particulates 
and therefore good  suspended sedim ent rem oval com bined  w ith  a lo w  w aterfow l 
population typ ica lly  indicates good  rem oval o f  pathogens (H ou se et al, 1993).
A  number o f  w ater quality pollutants and parameters o f  concern, such as road de­
icing salts, cannot be rem oved  by  p rocesses in  S U D S  ponds. H ow ever, w h en  urban 
stormwater enters a S U D S  pond potentia lly  tox ic  concentrations o f  th ese pollutants 
are norm ally diluted to low er concentrations, protecting the receiv ing  w ater from  
acute pollutant shocks.
Little research has b een  carried out on  the e ffic ien cy  o f  S U D S  ponds in term s o f  
hydrocarbon rem oval. H ow ever, research on  top ics that can b e transposed to S U D S  
ponds indicates that settling and sedim entation processes p lay  a m ajor ro le in  
hydrocarbon rem oval from  water colum ns (Reuter et al, 1998; Thurston, 1999). This 
suggests that ponds w h ich  have subm erged outlets and calm  flo w  conditions have the 
potential to effic ien tly  trap floating film s o f  hydrocarbons, a llow  them  to  settle and 
eventually  integrate them  into the bottom  sedim ents. H ydrocarbon rem oval in  a 
Scottish  S U D S pond w as investigated b y  H eal et al (2005). In this study, up- and 
downstream  hydrocarbon concentrations in sedim ents o f  a sm all w atercourse that 
runs through a S U D S  pond w ere com pared and it w as found that concentrations w ere  
sign ificantly  reduced downstream  o f  the pond. T he sedim ent data w ere obtained  
from a survey on  sedim ent quality in  n ine Scottish  w atercourses b y  W ilson  et al
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(2 0 0 5 ). The study b y  H eal et al (2005) a lso investigated  the contribution o f  the 
S U D S  pond on the b io log ica l quality o f  the w atercourse and found that th is im proved  
from  w ater quality class D  (seriously  polluted) to class C (poor) after installation  o f  
the pond.
It should  b e noted that calculations o f  pollu tion  rem oval rates in  ponds are subject to  
large uncertainties, as usually  the w h o le  in flo w  and ou tflow  loads are not captured. 
Furthermore, fie ld  m easurem ents often  h ave large m easurem ent uncertainties. 
N um erous researchers concluded that, for exam ple, on ly  best estim ates can  b e  g iven  
for rem oval e ffic ien cies o f  discrete particles (e .g . Pettersson et al, 2002; U .S .E P A , 
1983 in M arsalek & M arsalek, 1997). N utrient rem oval has seasonal cy c le s  (Garver 
et al, 1988), and 70  -  90%  o f  the total h eavy  m etals in  pond sed im ents are in  
potentia lly  m ob ile  form (M arsalek, 1997), all adding to rem oval uncertainties. There 
is  a lso  still insufficient know ledge on  h ow  certain pollutants behave in  conjunction  
w ith  other contam inants and pollutant transport characteristics through S U D S  ponds  
(M arsalek, 1991; S om es, et al, 2000). Table 2 -4  sum m arises the pollutant rem oval 
potential o f  S U D S  ponds.
Tab e 2-4: Pollutant removal potential of SUDS ponds (ARC, 2003)
Suspended
Solids
Oxygen
Demand
Total
Lead
Total Zinc Total
Phosphorus
Total
Nitrogen
Bacteria
High Moderate High Moderate Moderate Low
Insufficient
knowledge
A lthough  the m ain purpose o f  SU D S ponds is  to ach ieve good  outlet w ater quality, 
th ey  are also effic ien t too ls for hydraulic attenuation, provided th ey  are su itab ly  
constructed (Urbonas, 1997). To attain good  hydraulic attenuation, ponds should  
incorporate large extra storage w ith  increase in  w ater level. T his is  ach ieved  b y  lo w  
gradient shores and outlet structures that perm it o n ly  a sm all increase in  f lo w  w ith  a 
rise in  water level. H ow ever, the h igh  costs  com pared to other hydraulic attenuation  
structures usually  forbid the use o f  ponds i f  the so le  purpose is  hydraulic attenuation.
M aintenance o f  ponds can be controversial, particularly the required frequency o f  
rem oval o f  pond sedim ents. Som e scientists point out that sed im ents m ay  contain  
large am ounts o f  m etallic pollutants (C aille et al, 2 0 0 3 ) and their to x ic ity  m ay  b e o f  
an order that w ill require d isposal as special w aste , m aking their dredging exp en sive. 
T he financial benefits o f  S U D S ponds are also  controversial and m any d evelopers
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point out that ponds are co stly  to construct, exp en sive  to m aintain and also space for  
additional h ousing  is lost. Others argue that S U D S  ponds are cost-neutral, or ev en  o f  
financial b enefit to a developer, as their aesthetic value increases the va lu e o f  
properties in  their v icin ity . Public acceptance o f  retention ponds is a lso  uncertain  
and safety  concerns o f  loca l residents are a m ajor issue. H ow ever, it is  w id e ly  agreed  
that S U D S  ponds provide valuable eco lo g ica l habitat (H ennessy, 2004; SEP A , 2 000). 
Table 2-5  sum m arises the potential secondary im pacts o f  S U D S  ponds.
Table 2-5: Potential secondary impacts of SUDS ponds (ARC, 2003)
Aquatic
habitat
creation
Temperature
increase
Landscape
enhancement
Recreational
benefits
Public safety Community
acceptance
Yes
Often the 
case Yes Yes
Provided with 
appropriate 
design Yes
2.8 Water Quality Indices
W ell d ev ised  and carefully  executed  m onitoring program m es are required to a ssess  
the effectiven ess o f  S U D S . The m onitoring results obtained need  to be  
com m unicated to d ecision  makers, practitioners in the fie ld  and the general public  
transparently and consistently. This p oses a particular problem  in the ca se  o f  w ater  
quality m onitoring due to the com p lex ity  associated  w ith  analysing a large num ber o f  
m easured variables. The practice to date has b een  to produce reports outlin ing  
in flow  and ou tflow  concentrations and the rem oval e ffic ien cies  o f  a S U D S  fa c ility  or 
system  on a variable b y  variable basis. T he advantage o f  this approach is  that stating  
all in flow  and outflow  concentrations provides detailed inform ation on  ru n o ff quality  
and system  behaviour. On the other hand, ju d gin g  system  perform ance on  rem oval 
effic ien cy  can often  b e m isleading, as the pollutant concentrations in  ru n off m ay  
often b e too lo w  for the system s to ach ieve sign ificant rem oval. In flow  into S U D S  
o f  relatively  good  quality w ill therefore result in  poor rem oval e ffic ien cies. T he  
disadvantage o f  reporting each variable as m easured is that d ecision  m akers, 
practitioners, and concerned m em bers o f  the public often  have neither the inclination  
nor the training to study these reports in  detail. T hese parties w ould  b e greatly  
assisted b y  the provision  o f  statem ents that provide the general ru n off quality  from  a 
particular area and its ou tflow  quality on ce it has passed  through a S U D S  fac ility  or 
system . The issu e o f  reporting com p lex  water quality data in a m ore readily
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understood w a y  is not new . Indeed, sim ilar problem s are associated  w ith  the  
reporting o f  all surface w ater quality data and attempts to present them  in  a 
transparent and credible m anner have b een  m ade for a num ber o f  decades (B row n et 
al, 1970 and 1972; Horton, 1965; Juong et al, 1979; SD D , 1976).
O ne p ossib le  solution  to this problem  is  to reduce the m ultivariate nature o f  water  
quality data b y  em ploying  an index that w ill com bine all w ater quality m easures and  
provide a general and readily  understood description o f  the w ater quality. The index  
should contain the m ost significant w ater quality parameters o f  the data set, so  that it 
can describe the overall water quality position  and reflect change in  a representative 
m anner (S D D , 1976). In this w ay, the index can be used  to assess w ater quality  
relative to its desirable state (as defined  b y  the w ater quality ob jectives) and to  
provide insight into the degree to w h ich  w ater quality is  affected  b y  certain activ ities  
in  the catchm ent. In addition, w ater quality ind ices can also sh ow  the effects  o f  
water quality changes on  potential w ater u se and provide an indication  o f  the  
econ om ic benefits, or lo sses , w h ich  m ay accrue from  certain m anagem ent strategies 
(H ouse and N ew som e, 1989). For natural w ater bod ies, research efforts focu s on  
three groups o f  water quality indexing:
1. Biochemical WQIs - A  num ber o f  b ioch em ical parameters are assessed  in  these  
indices. The parameters are ch osen  to b e indicative and representative  
descriptors for the quality o f  the assessed  water as a w hole . Parameters included  
in  these indices are, for exam ple, pH , concentrations o f  m acronutrients, 
suspended solids, m etals and hydrocarbons. D isso lv ed  o x y g en  saturation leve ls , 
w ater temperature and the total num ber o f  coliform  bacteria are also often  
included.
2. Species WQIs -  The abundance and d iversity  o f  certain k ey  sp ecies in  a w ater  
bod y  are counted in these indices. W ater health is u sually  determ ined b y  
com parison o f  the results in  the w ater b od y  analysed  w ith  the species abundance 
and diversity that w ou ld  b e present i f  the sam e w ater b od y  w as not subject to 
anthropogenic alterations.
3. Combination of Biochemical and species WQIs - T hese are ind ices w here  
biochem ical and sp ecies indicators are com bined  to provide a ho listic  picture o f  
water health.
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N o  attempts to date have been  m ade to apply w ater quality ind ices to S U D S . It also  
appears that, although d ozen s o f  water quality ind ices are in  use (C ude, 2 0 0 2 ), little  
has b een  docum ented in  the scien tific literature and m ost o f  the available m aterial is  
in  the form  o f  technical reports. The fact that a lo t o f  w ork on w ater quality  ind ices  
w as undertaken in the 1970s w ould  norm ally  indicate that this fie ld  is  fairly w e ll  
established b y  now . H ow ever, the concept can still be v iew ed  as in su ffic ien tly  
developed , as its uptake during the 1980s w as lo w , and several authorities that 
in itia lly  introduced w ater quality ind ices abandoned them  (Cude, 2002). T he lo w  
uptake during the 1980s w as m ain ly  due to the resource requirem ents for calcu lating  
and reporting w hich  w ere seen  ex cessiv e  at the tim e. Im provem ents in  com puter  
hardware and softw are availability renew ed interest in  water quality in d ices during 
the 1990s but today no w id e ly  recognised  standards exist.
D ifferent approaches to indexing w ater quality results have been  developed . O ne  
approach is to rate quality ob jectively  b y  u sin g  ranked data (Harkins, 1974). Perhaps 
the m ost w id e ly  used  concept w as d evelop ed  b y  the U S  N ational Sanitation  
Foundation (N SF ) (B row n et al, 1970) and is based  on  subjective w ater quality  
ratings curves. The N S F  used the D elp h i m ethod  (D alkey, 1968) o f  op in ion  research  
to form ulate rating curves from  the op in ions o f  seven ty  participating w ater experts  
(S D D , 1976). This approach is  a resource in ten sive and lon g  process but has the  
advantage that, once form ulated, the rating curves perm it com parisons b etw een  
valu es generated from  different data sets. Figure 2 -8  sh ow s an exam ple o f  a rating  
curve, w ith  the Q -value (quality va lue) expressing  the w ater quality resu lting from  a 
certain pollutant concentration. In contrast, the ranked data index proposed  b y  
Harkins (1 9 7 4 ) does not a llow  direct com parison o f  different data sets, as the index  
has to be re-calculated each tim e additional data are added and results for the sam e  
stations and dates originally  evaluated w ill change i f  the rank order changes (W SD E , 
2 002). A lso , the Harkins (1974) approach ranks results from  pristine stations, w here  
high  quality w ould  be expected, a long w ith  stations w here w ater quality w o u ld  not 
be expected  to be pristine (regardless o f  anthropogenic im pacts). H ence, a score  
cou ld  on ly  b e interpreted in  com parison to som e other station o f  know n quality, 
w h ich  is  in  its e lf  subjective (W SD E , 2 002).
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BOD Test Results
(Note: If BOD > 30, Q=2.0)
F igure 2-8: E xam p le  o f a w a te r qua lity  ra tin g s  cu rve  (NSF, 2004)
Water quality indices need to be seen as science based communication tools which 
simplify the reporting of water quality data. In contrast to traditional reports that 
consist of variable-by-variable statistical summaries, a WQI condenses all results 
into one number representing an overview that compares the quality of the tested 
water to set objectives. This makes water quality indices a controversial issue 
amongst water scientists and some argue that a single number cannot tell the whole 
story of water quality; and that water quality indices often exclude important 
parameters (BASIN, 2003). Of further concern is that a water quality index can 
mask information on the variability of single parameters, as well as their general 
trends, and the complex interaction between variables (CCME, 2001).
Choosing the appropriate mathematical method for calculating the water quality 
index scores has become subject to a lively debate (e.g. Cude, 2002; Smith et a l, 
2002). Most water quality indices are calculated in two steps. First, the raw 
analytical results for selected water quality variables, having different units of 
measurements, are transformed into sub-index values without units. These sub­
indices are then aggregated to give a water quality index value, typically by using 
some type of averaging function (Cude, 2002). The aggregation process has a major 
impact on how sensitive a water quality index is to the variability of the water quality
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parameters and how well balanced these changes are reflected in the overall water 
quality score. The many methods which can be used for aggregation include the 
simple arithmetic method, where all individual water quality ratings are summed and 
divided by the number of parameters; the arithmetic weighted method, where the 
individual water quality ratings are multiplied with a weighting factor and the 
products are summed; the ‘minimum operator method’ (Nagels et al, 2001), where 
the lowest sub-index value is identified and counted as the final aggregated score; 
etc. All these methods can and have been modified to calculate water quality 
indices.
A water quality index was developed for Scottish waters by SDD (1976). The SUDS 
water quality index to be developed in this study is going to be based on the concept 
of this index, as it was specifically developed to suit the environments of Scottish 
freshwater systems. Most SUDS in Scotland discharge to freshwater systems and it 
could also be argued that SUDS ponds, although their main purpose is to treat urban 
runoff, constitute freshwater systems. It was for these reasons that the SDD (1976) 
water quality index was preferred to indices developed in other parts of the world to 
serve as a base for the SUDS water quality index presented in this thesis. The 
principles of the SDD (1976) water quality index are outlined in section 2.8.1.
2.8.1 Th e  W QI O f The Sco ttish  D evelopm ent Departm ent
In 1976, the Scottish Development Department (SDD) published a report with the 
title ‘Development o f a Water Quality Index The document is concerned with the 
development of an index system to provide a method of describing water quality for 
general purposes and not in relation to specific uses (SDD, 1976). The work of the 
SDD was a continuation of work on a general WQI in the USA. There, a paper with 
the title ‘A Water Quality Index -  Do We Dare? ’ was first presented and published in 
1970 (Brown et al, 1970). The index system proposed in this paper was further 
developed by the NSF of the USA and served as a framework for the SDD to 
develop its WQI to suit Scottish conditions.
The SDD included ten water quality parameters in its index. In order of importance, 
these are: dissolved oxygen saturation, 5-day biological oxygen demand, ammonia,
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fecal coliform, pH, total oxidised nitrogen, soluble phosphate, suspended solids, 
conductivity and temperature. Like the NSF, the SDD derived its index from 
performance curves. The SDD then developed a weighted water quality ratings table 
where a score is assigned to a concentration bracket of each pollutant. For example, 
the maximum suspended solids score is 7 points which is allocated to concentrations 
of 0 to 9 mg/1. The 7 point score for the 0 to 9 mg/1 bracket can be further divided if 
more accuracy is desired, as it includes the numerical scores of 7 points for 0 mg/1 
and 6.5 points for 9.44 mg/1. The resulting values of all water quality parameters are 
added to give the overall water quality score, which can be anywhere between 0 and 
100 points. If less than ten tests are performed, the overall WQI can be estimated by 
adding the results and then adjusting for the number of tests. For example, if one 
parameter with maximum score of 12 points is not available, the remaining nine 
subtotals are added and then divided by 0 .88 .
The weighted water quality rating of each water quality parameter in the index is a 
product of the parameter quality rating, q{, and the parameter weight index, w,-. In the 
SDD (1976) index, the parameter quality rating, qit had zero as its lowest and one as 
its highest value. The parameter weight index, wif expresses the relative importance 
of a parameter in the overall water quality index. For example, the panel developing 
the SDD (1976) index assigned a weight index, wif of 7 to suspended solids. This 
means that this parameter will score 7 of the overall 100 points in the index at best 
water quality. At best water quality (at a TSS concentration of 0 mg/1), the quality 
index rating, qif of this parameter is 1. Therefore, ^ w /  = 1 x 7 = 7, resulting in a 
weighted water quality score of 7 on the index. Likewise, if the quality index rating 
is 0.5 (at a TSS concentration of 29 mg/1), qtx wt = 0.5 x 7 = 3.5, resulting in a 
(rounded) weighted water quality score of 4.
Table 2-6 shows an extract of the water quality ratings table developed by the SDD 
(1976). The complete table and full details on the computation of the overall water 
quality score are given in section 7.1.
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Table 2-6: Extract of the SDD WQI (SDD, 1976)
W eigh ted  W ater  
Q u a lity  R a tin g  (q; x  w;)
D O
(% sat) PH
C o n d u ctiv ity
(m icro S /cm )
18 93-109
17 88-92 110-119
16 85-87 120-129
15 81-84 130-134
14 78-80 135-139
13 75-77 140-144
1 2 72-74 145-154
1 1 69-71 155-164
1 0 6 6 - 6 8 165-179
9 63-65 180+ 6 .5-7 .9
8 59-62 6-6 .4 8-8 .4
7 55-58 5 .8 -5 .9 8.5-8 .7
6 50-54 5 .6 -5 .7 8.8-8 .9 5 0 -1 8 9
5 45-49 5 .4 -5 .5 9-9.1 0-49; 190-239
4 40-44 5 .2 -5 .3 9 .2-9 .4 2 4 0 -2 8 9
3 35-39 5-5.1 9 .5-9 .9 2 9 0 -3 7 9
2 25-34 4 .5 -4 .9 10-10.4 3 8 0 -5 3 9
1 10-24 3 .5 -4 .4 10.5-11.4 5 4 0 -8 3 9
0 0-9 0 -3 .4 11.5-14 840+
N ote: <7 , =  parameter quality index (range 0 -  1); w, =  parameter w eigh t index (dependent on  relative 
im portance in overall water quality index; 0 -  18 in  SD D  (19 7 6 ) index).
The efficiency of the SDD (1976) water quality index in evaluating surface water 
quality was independently investigated by the Anglian and Yorkshire Water 
Authorities (internal reports, 1978) and by House and Ellis (1980). In each instance, 
the scores agreed favourably with subjectively ascribed river quality classifications. 
Nevertheless, a number of reservations were expressed in these reviews. The main 
criticism of the SDD (1976) index was that it has a tendency to underestimate water 
quality at the lower end of the quality scale. In addition, it was suggested that some 
indication of possible water use should be included within the description of water 
quality given for the zero to 100 scale. Other criticisms included the need for toxic 
substances, such as heavy metals and pesticides, to be incorporated within an index 
as well as information relating to legal standards (House and Ellis, 1987).
It has also been argued (House and Ellis, 1987) that a scale ranging from 10 to 100 
reflects water quality in a water body better than the zero to 100 scale used by the 
SDD (1976). House and Ellis (1987) argue that, with all potential uses considered, 
even a seriously polluted water body still has an intrinsic economic value and, 
therefore, should not be zero rated. The same authors also argue that no additional 
managerial information will be provided by extending the WQI scale from 10 to
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zero. They reason that at this end of the scale the potential use of this water would 
remain the same and the cost of upgrading water with a quality score of 10 will not 
differ much from upgrading water with a quality of zero.
2.9 Com puter S im ulation  Of Urban D rainage N etw orks
Attempts to represent the rainfall-runoff process on urban catchments mathematically 
go back to 1880 when the Biirkli-Ziegler (1880) formula was presented. Around the 
turn of the century the rational formula was developed, attributed to Kuichling 
(1889) in the United States and Lloyd-Davies (1906) in the UK. Both formulae were 
only valid for estimating the peak discharge of storm runoff and their main use was 
for sizing drainage pipes. Since then, numerous methods have been developed for 
the purpose of providing additional information on the various processes associated 
with rainfall on urban catchments. These methods have often been referred to as 
models. The term “model” can be defined as a method to represent mathematically, 
a physical process, allowing different values of the input parameters to generate 
different values of outputs (Maksimovic and Radojkovic, 1986). For example, 
drainage models describe the transformation of the input (rain) through the 
catchment (runoff) and sewer network to produce an output at a point of interest.
The basic steps of a standard urban drainage model are shown in Figure 2-9.
Model component Component description
Precipitation Design storm, historical storm
Loss model Wetting, evaporation, infiltration, storage
Net precipitation Effective rainfall
Surface runoff model Surface definition, transport process
Sewer inflow Type of inlet, head losses
y  Pipe flow model Storage, transport process
Figure 2-9: Basic steps of an urban drainage model (Smart and Herbertson, 1992)
In the mid-1970s computer modelling became an integral part of storm drainage 
planning analysis and design. One of the most popular models which appeared in the 
USA in the early 1970s and has continued to develop ever since is the Storm Water
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Management Model (SWMM) (Computational Hydraulics, 2004; Rossman et al,
2005). In the UK, the Wallingford Procedure (WASSP) was introduced as the first 
standard software package in the early 1980s. WASSP was then developed into 
Hydro works and in more recent years into Info works. Info works is the standard 
analysis tool for sewer systems in the UK and is being continually updated. Besides 
these two big players in urban catchment modelling there are several other modelling 
packages which are based on accepted mathematical relationships between the 
relevant physical parameters.
Model assisted simulation of a drainage network provides an in-depth understanding 
of the system under investigation and several steps have to be followed for 
constructing a useful model. Ideally drawings of the network to be investigated are 
available at the start of the project and these drawings are used to identify key points 
for obtaining flow data. Following the identification of locations, a monitoring 
programme of several months is usually undertaken to provide high resolution flow 
data over a variety of meteorological conditions. The existing network is then 
represented using mathematical software and model verification is carried out. Once 
a model is developed and verified, performance comparisons between various system 
elements can be undertaken and system behaviour under a range of conditions may 
be predicted.
The current approach is to move stormwater modelling towards integrated modelling 
where the interactions between drainage network, groundwater, overland and river 
flow is investigated. This poses the challenge of integrating models that were 
developed as stand alone packages for the investigation of one component of the 
hydrologic cycle into a system that can interact seamlessly and provide improved 
confidence in flooding and pollution forecasts. To date, no comprehensive 
modelling package or interface between the various modelling software is available 
that would cover all components associated with the urban hydrologic cycle.
SUDS gain an ever more important role in urban drainage, but simulation of flows 
within these systems is poorly represented by the available models. The major 
challenge in SUDS modelling is that a true representation of these systems would 
often require integrated modelling. SUDS construction may include open channel
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and pipe sewers that discharge to rivers; they typically include overland flow and can 
potentially interact with groundwater, all combinations that are not yet accurately 
represented in the software packages available. The inappropriateness of the 
software currently available, combined with the vast amount of data needed for valid 
model verification often results in SUDS models that are roughly calibrated rather 
than verified. One can therefore often only place limited confidence in the results 
these models produce. Neither of the two most widely used urban drainage packages 
in the Anglo-Saxon domain, SWMM and InfoWorks CS, includes reliable tools for 
the simulation of SUDS processes. It appears, however, that the team behind 
SWMM made great efforts to incorporate some SUDS modelling capabilities into the 
recent release of SWMM 5 (Rossman et al, 2005).
The two packages that were used for this research, Hydrol TSM and SWMM, are 
next outlined in more detail.
2.10 Hvdrol TSM
Hydrol Time Series Manager (Hydro Electric Corporation, 1999 and 2000) provides 
two different programmes; a database with various tools for data analyses in addition 
to a modelling package. The modelling package is a node-link-based programme 
which allows access to data directly from a database and provides a number of 
simulation scripts (text files containing codes) to perform hydraulic simulations. 
Hydrol TSM allows modification of these scripts for individual conditions and the 
main scripts are a percentage loss model, an initial and continuous loss model, time 
delay, catchment routing and channel routing. In addition to these scripts the 
programme allows users to write their own scripts, which makes it extremely 
versatile. SUDS are not incorporated in the scripts to date and users would be 
required to develop their own scripts to represent them. The modelling package is 
based on a language similar to visual basic, called Hydrol Basic and incorporates all 
standard conditional expressions (e.g.: IF THEN ELSE, DO UNTIL, DO WHILE, 
etc.). The programme provides graphical output, and simulations can be undertaken 
in continuous or step mode. Step mode is useful for error checking at single model 
components. The software is designed for handling time series data and programme
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inputs, and outputs are continuous data in a specific time interval. If the data differs 
from the set time interval the programme performs interpolation or aggregation.
All field data in this research project were stored in a database using Hydrol, the 
Time Series Manager. The modelling package of this software was used to convert 
measured water levels to flows and pollutant concentrations to a water quality index 
score. These tasks involved handling and manipulating of large data sets and 
Hydrol’s combination of database with modelling software proved extremely useful 
for doing this.
2.11 Th e  Su rface  W ater M anagem ent Model
SWMM was originally developed for the United States Environment Protection 
Agency (EPA) between 1969 and 1971 (Metcalf and Eddy, 1971) and was the first 
comprehensive model of its type for urban runoff analysis. Maintenance and 
improvements to SWMM led to version 4 in 1988 (Huber and Dickinson, 1988; 
Roesner et al, 1988). An update of version 4, SWMM 4.4gu, was released in 1999 
(CHI, 2004) and this version was used for assessing the SUDS in this research.
SWMM is designed to allow the modelling of quantity and quality issues associated 
with urban runoff. The software consists of eight modules which are the Rain 
Module, Temperature Module, Runoff Module, Transport Module, Extran Module, 
Storage and Treatment Module, Combine Module, and Statistics Module. The 
combination of these modules allows the user to simulate all aspects of the urban 
hydrologic and quality cycles within certain limitations, including rainfall, snowmelt, 
surface and subsurface runoff, flow routing through the drainage network, storage 
and treatment. All SWMM modules may be used in series or individually. For 
example, the user may generate inlet hydrographs by means other than SWMM and 
then use only the SWMM flow routing options.
The starting point for urban runoff modelling is typically the Runoff Module, where 
all catchment conditions as well as rainfall and snowmelt are processed. Flow 
routing can be performed in the Runoff, Transport and Extran Modules, in increasing 
order of sophistication. Runoff can only provide flow routing through open channels 
whereas the Extran Module can handle sophisticated networks including weirs,
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orifices, pumps, storage and dynamic boundary conditions (e.g. tides and river 
levels). Free flow routing that includes storage can also be carried out in the 
Transport and Storage/Treatment Modules if appropriate data on volume versus 
outflow are available.
Modelling of water quality processes is also initiated in the Runoff Module which 
includes options for constant concentration, regression of load versus flow, and 
pollutant build-up / washoff. Additional options include pollutant removal by 
activities and facilities in the catchment, erosion, and quality contributions from 
precipitation, catchbasins, adsorption, and base flow. The water quality outputs from 
the Runoff Module can then be routed and simulated in subsequent SWMM modules, 
except the Extran Module which can not facilitate water quality routing.
The basic SWMM output consists of hydrographs and pollutographs (concentration 
versus time) at the desired locations in the modelled system. Depths and velocities 
are also available, as are summary statistics on surcharging, volumes, continuity and 
other quantity parameters. Additional quality output includes loads, source 
identification, continuity, and other parameters.
The model has several technical limitations which include the lack of an autonomous 
time step controller (a fixed time step which the model uses for all computations is 
entered manually), subsurface quality routing (a constant concentration is used), no 
interaction of quality processes, and a weak scour deposition routine in the Transport 
Module. A particular problem for network analysis is the inability of the Transport 
Module to cope with pipe surcharge and localised flooding. In order not to ‘loose’ 
water from the simulation, the computation routing in the Transport Module 
circumvents this problem by resizing conduits to pass peak flows. In addition, all 
routing modules in SWMM 4.4 extend conduit lengths if the chosen time step is too 
long for stable model runs instead of reducing the time step. These two limitations 
can cause problems when drainage networks are analysed. A further impediment to 
model usage is the user interface and, although this has much improved with the 
introduction of PCSWMM, the user menus and graphical outputs are still limited. 
SWMM 4.4 is run in a batch mode where the user assembles an input file with an 
editor, unless third-party software is used for pre- and post-processing (CHI, 2004).
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Finally, no specific SUDS features are included in the software, except a porous 
pavement design component that is unsuitable for analysis.
The limitations of SWMM version 4 were recognised and the software was subjected 
to a comprehensive update and maintenance programme, resulting in SWMM 
version 5 which was released in summer 2005 (Rossman et al, 2005). The SWMM 
engine in version 5 was completely rewritten in C-language (SWMM 4 was written 
in FORTRAN), using an object based approach. For SWMM 5 the computational 
algorithms were further developed and a graphical interface with menu driven data 
input and a basic mapping function are included in the model capabilities (Rossman 
et al, 2005). The release of SWMM 5 came too late to be used in this research.
2.12 C o n c lu sio n  O f Literature R eview
Urban developments have the potential to cause significant hydrological and water 
quality impacts on receiving watercourses. These impacts can result in increased 
flooding, loss of habitat and aesthetic degradation of a watercourse. Sustainable 
Urban Drainage Systems, relying on natural processes of pollutant removal and 
allowing for flow attenuation, can minimise the potential impacts from urban 
developments on receiving waters.
In Scotland, SUDS have been promoted since the first half of the 1990s and are 
nowadays considered as part of standard drainage design, with the national planning 
guidance stipulating that their use should be considered for all new developments. 
Resulting from this, improved design guidance and more research into the 
performance of SUDS facilities in Scotland have become desirable.
Although ponds are an integral part of many SUDS schemes in Scotland and 
worldwide their flow attenuation and water quality effectiveness is still insufficiently 
researched. Part of this research, therefore, concentrates on the effectiveness of 
SUDS ponds in terms of flow attenuation and improvement of runoff quality.
The flow attenuation effectiveness of SUDS ponds, and other SUDS facilities, has 
two components, flow rates and flow volumes. The flow attenuation effectiveness
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can be determined by comparing the flow rates and volumes of runoff from a 
catchment with the outflow rates and volumes of the SUDS serving that catchment. 
The literature review showed that ponds are only one of several possible options for 
flow attenuation and it was considered as good practice to compare their flow 
attenuation efficiencies with that of alternative SUDS layouts. Hydrologic modelling 
is an appropriate method for such comparisons and has been used in this study.
SUDS ponds are normally installed to improve runoff quality and to increase the 
amenity value of a development. The efficiency of SUDS ponds in improving the 
water quality of urban runoff is still subject to large uncertainties as, to date, only a 
small number of studies have looked into this issue and most of these studies were of 
short duration. Considering the uncertainties about the water quality performance of 
SUDS ponds, evidently linked to the dearth of long term field data, this study was 
designed to provide water quality data spanning a period of three years.
Urban runoff can contain a wide array of pollutants, ranging from inert particles to 
potentially toxic substances, such as heavy metals and pesticides. From the literature 
cited in this chapter it is evident that many potentially toxic pollutants, such as heavy 
metals and pesticides, form strong bonds with sediment particles and can therefore be 
removed from runoff by settlement of the suspended solids. Considering this and the 
type of catchments served by the SUDS ponds investigated in this study (residential 
and commercial), it was concluded that water quality monitoring needs to 
concentrate on pollutants that are included in standard water quality tests for inland 
watercourses, such as suspended solids, nutrients, pH, conductivity. The amenity 
value of SUDS ponds was not within the scope of this research.
The water quality efficiency of SUDS is typically measured in percentage removal of 
each pollutant under investigation. This approach may not always be best suited for 
measuring the water quality performance of SUDS, as it does not allow 
determination of their real water quality benefit for the receiving watercourse. In 
addition, percentage removal efficiencies can be very low when runoff contains only 
small concentrations of the pollutant under investigation and, as a result, may 
indicate erroneously that a well performing SUDS facility is performing poorly.
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The use of a water quality index is a more appropriate method for measuring and 
reporting SUDS water quality performance than using percentage removal 
efficiencies, as it has several advantages. Reporting SUDS performance in terms of 
percentage removal of each pollutant can be misleading, as outlined earlier in this 
section. In addition, understanding the water quality performance of a SUDS facility 
from a large number of measured variables is complex and people working in the 
field of urban drainage often have neither the inclination nor the training to study 
these variables in detail. Water quality indices can reduce the multivariate nature of 
water quality data, as they combine all water quality measurements in a single index 
score. Consequently they can provide a general and readily understood description 
of the water quality.
Researchers working on water quality indices agree that a meaningful index should 
contain the most significant water quality parameters for the water body under 
investigation, so that it can describe its overall water quality position and reflect 
change in a representative manner. Water quality indices designed with this 
requirement in mind will be suitable to assess water quality relative to its desirable 
state (as defined by the water quality objectives) and provide insight into the degree 
to which water quality is affected by certain activities in the catchment, or changes to 
drainage management methods.
No attempts to date have been made to apply water quality indices to SUDS. 
Considering the potential usefulness of water quality indices for SUDS water quality 
performance analysis and reporting, part of this study was set out to develop a water 
quality index for SUDS. The water quality index proposed in this study is based on a 
water quality index for Scottish watercourses developed by the Scottish 
Development Department (1976).
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Chapter 3 Field Studies
This thesis is based on field studies which were extensive, and stretched over a 
period o f three years between June 1999 and July 2002. The field studies were 
designed to understand the water quality performance and the hydraulic behaviour 
o f the SUDS under investigation. The studies were carried out in Dunfermline, 
Scotland, and this section gives details o f the sites, the monitoring locations and the 
monitoring regimes that were undertaken.
3.1 Th e  Site
All field studies were carried out in Duloch Park, which is located in a larger 
development known as the Dunfermline Eastern Expansion (DEX). Dunfermline is a 
town of 41,000 residents (Fife Council, mid 2000), located in Eastern Scotland, and 
its eastern expansion area was identified in the 1994 Fife Structure Plan as the best 
area to accommodate the town’s expansion needs up to 2020 (Maxwell, 1997). The 
Dunfermline Eastern Expansion area is located between the east of Dunfermline and 
the M90 motorway and covers an approximate area of 600 hectares. Three natural 
watercourses that flow into the Forth estuary drain the land. The three watercourses 
are the Pinkerton bum, Calais bum and Linbum. Prior to the start of development 
the area was agricultural land, including approximately forty hectares of woodland 
and thirteen hectares of natural wetland. In the past, the whole area was also mined 
for coal. It is planned that 4,500 homes, an 18 hectares leisure park, 300,000 square 
metres of manufacturing- and industrial warehouse space, three schools and a district 
shopping centre will be built at the site by 2020 (Maxwell, 1997). At the start of its 
development, in 1997, the Dunfermline Eastern Expansion was the largest site in the 
UK where sustainable urban drainage methods were widely applied. The area is 
underlain by predominately low permeability clay and silt soil (ESW, 1996).
Duloch Park, the location where all fieldwork was carried out, is in the north of the 
Dunfermline Eastern Expansion and has an area of 354 hectares. The area has a 
number of sub-catchments which ultimately drain to the river Forth. The areas 
where fieldwork was carried out and the types of fieldwork that were undertaken are 
described in sections 3.2, 3.3 and 3.4.
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Figure 3-1 shows the general location of Duloch Park and the catchments where 
fieldwork was carried out.
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A tipping bucket raingauge was installed at South Fod Farm, which is located on the 
north central fringe of Duloch Park (ordnance survey coordinates: NS 124 879). In 
addition, data from another tipping bucket raingauge operated by SEPA and located 
at Annfield was used. Annfield is approximately two kilometres east of Duloch Park 
(ordnance survey coordinates: NS 147 868). The raingauge at South Fod Farm 
delivered an almost continuous rainfall record (see Table 3-1 and Appendix D, Table 
D2) and was used as the principal rain data source for this project. Gaps in the data 
from the principal raingauge were filled in by data obtained at Annfield. It should be 
noted that typically more rainfall was recorded by the raingauge at Annfield 
(Appendix D, Table D2).
Figure 3-2 shows details of the catchments, ponds and the detention basin that were 
investigated for this research and the location of the primary raingauge.
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3.2 The Halbeath Pond Catchment
The Halbeath pond catchment is one of two sub-catchments that drain to the Linbum 
and is located at the north eastern expanse of Duloch Park. The catchment is 
confined by the M90 motorway in the east and the area of Halbeath to its north and 
west. In the south, the catchment borders on the Linbum pond catchment.
The catchment has an area of 13.5 ha and has been used for building a leisure park.
In January 2003, approximately 62% of the catchment was built-up. 90% of the 
built-up area consisted of impervious surfaces such as roofs, parking lots and roads. 
In 2003, an area of undeveloped land stretched from the southwest to the north of the 
catchment. This area comprised 5 ha, or 38% of the catchment total and was not 
connected by pipe to the drainage system. Major building developments in the 
catchment started in March 2000 and were completed in spring 2001. The developed 
area did not change between spring 2001 and January 2003. The catchment is very 
flat, with gradients between almost zero and 2%. The exception was a 160 metres 
long and 22 metres wide stretch of road embankment along the pond, where 
gradients reached up to 36%.
Surface water was collected by a pipe system that discharged to a lined retention 
pond. From there runoff was discharged into a pipe that joined the Linbum in a 
culvert approximately fifteen metres downstream of the pond’s outlet. The pond has 
an almost triangular shape, an approximate dry weather surface area of 3,200 m , a 
water quality volume of 4,600 m3, one inlet and one outlet. The pond is divided into 
two sections, the sediment settling zone around the inlet and the main pond. The two 
sections are separated by a submerged berm that is planted with phragmytes which 
are also planted along the shores of the pond. Figure 3-3 shows a schematic of the 
Halbeath pond catchment.
The pond inlet is through a 750 mm circular pipe that has a gradient of 
approximately 2%. On 25 September 2001, a weir with a rectangular notch was 
installed in the pipe two metres upstream of its outfall into the pond. This weir was 
installed to determine flows into the pond and to provide sufficient water depth for 
installing a Hydrolab water quality sonde. The pond outlet is through a perforated 
standpipe with an inner diameter of 300 mm, installed in a wet well. The pipe has
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five rows of nine equidistant perforations with diameters of 37 mm and the height 
from the invert of the lowest perforation to its top is 485 mm. The wall that divides 
the outlet structure into the wet well and the maintenance access acts as an 
emergency overflow during high flow events (return periods of more than 100- 
years). The level of this wall is 540 mm above the invert of the lowest perforation. 
Figure 3-4 shows the perforated pipe in the wet well of the pond’s outlet structure.
F igu re  3-3: Halbeath pond  -  ca tchm en t schem a tic
F igu re  3-4: O u tle t s tru c tu re  o f Ha lbeath pond
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3.3 The Linburn Pond Catchment
The Linbum pond catchment stretches from the eastern to the western expanses of 
Duloch Park, an approximate distance of 1,800 metres.
The catchment has an area of 67.5 ha. Maximum gradients are approximately 10%, 
except for a short stretch along the southern embankment of the pond where 
gradients are steeper. Property development was ongoing throughout the field 
studies and at the start of the survey, in June 1999, approximately 9% of the 
catchment was developed, increasing to 27% by July 2002. In July 2002, 45% of the 
developed area was made up of impervious surfaces such as roofs, parking lots and 
roads. The undeveloped catchment area was agricultural land of which a large part 
drained into the Linbum pond. Once building activities in the catchment are 
completed, surface runoff will be from medium density residential housing, part of 
the Leisure Park, and road surfaces.
Linbum pond has a dry weather surface area of approximately 10,200 m2, a water 
quality volume of 15,495 m , five inlets and one outlet. One inlet pipe discharged 
drainage water from what is currently agricultural land and had permanent flow (inlet 
east). The pond’s outlet is over a weir plate with four equally sized ninety degree V- 
notches, as shown in Figure 3-6. The pond is divided into two sections, a sediment 
settling zone and the main pond. Four of the five inlets discharged into the sediment 
settling zone whereas one discharged directly into the main pond. The inlet that 
discharged directly into the main pond was inlet N1 and drained less than 0.3% of 
the catchment area. The sediment settling zone is separated from the main pond by a 
submerged berm vegetated with phragmytes which are also planted along the shores 
of the pond. Figure 3-5 shows a schematic of the Linbum pond catchment.
The system draining to the pond included five detention basins. Three of the basins 
were constmcted for on-line road runoff attenuation and one for on-line attenuation 
of mnoff from a commercial area. These detention basins had vortex flow controls 
(Hydrobrakes) in their outlets. The remaining detention stmcture was an off-line 
basin for peak flow attenuation of residential mnoff. There, a diversion stmcture 
with a throttle pipe restricted flows to the pond and diverted excess flows into the
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detention basin. One of the on-line detention structures, detention basin D/M, was 
monitored for its flow attenuation behaviour. This detention basin was 
approximately 600 metres upstream of Linbum pond and received runoff from a 
section of road.
F igu re  3-5: L in bu rn  pond  -  ca tchm en t schem a tic
F igu re  3-6: O u tle t s tru c tu re  o f L in bu rn  pond
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3.4 The Catchment Of Pond 7
The catchment of pond 7 drains to the Pinkerton b um and is located in the southeast 
of Duloch Park.
The catchment has an approximate area of 18 ha and maximum gradients are 
approximately 6%. The development phasing of Wilcon Homes, the site owners at 
the outset of the field work, did not forecast any developments in this catchment 
before 2005. The objective for including this catchment into the field work was to 
use water quality data from pond 7 as a benchmark against which Linbum and 
Halbeath pond catchments could be compared. However, development plans 
changed during the course of this study, and housing development in this catchment 
started in the autumn of 2000. This changed the land use of the catchment from no 
developments, except roads, to approximately 25% developed with medium density 
residential housing by July 2002. In July 2002, approximately 45% of the developed 
area was impervious and the undeveloped land remained in agriculture. Once 
building activities in the catchment are completed, surface runoff will be from 
residential housing and road surfaces.
Pond 7 has a dry weather surface area of 4,700 m and a water quality volume of 
5,120 m3. The pond had two inlets during the monitoring period, one conveying road 
runoff and the other runoff from residential housing. The drainage system did not 
include any detention basins during the time field work was carried out. Figure 3-7 
shows a schematic of the catchment of Pond 7.
F igure 3-7: Pond 7 -  c a tc hm en t schem a tic
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3.5 Sampling And Monitoring Programme
Sampling and monitoring included both hydrological and water quality aspects. 
Continuous flow monitoring was undertaken at Linbum and Halbeath ponds and the 
schedule for these catchments is shown in Table 3-1. More detailed schedules can be 
found in Appendix B. Water quality monitoring was undertaken at the inlets and 
outlets of all three ponds and encompassed continuous, event and manual sampling 
regimes for Linbum and Halbeath ponds, while only manual sampling was carried 
out at Pond 7. Sections 3.5.1 to 3.5.3 provide details of the monitoring regimes 
applied.
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3.5.1 Sampling And Monitoring Programme at Halbeath Pond
The sampling and monitoring programme encompassed the following:
1. Continuous water level measurements at fifteen minute intervals at the outlet, 
starting on 06 June 1999 and ending on 08 July 2002 (Table 3-1). Flows were 
derived from a stage - discharge curve that was specifically developed for the 
outlet structure of Halbeath pond. For this, a full size model of the outlet pipe 
was constructed and level -  discharge relations were measured under lab 
conditions. Flows over the rim of the perforated pipe and over the dividing wall 
in the manhole were too large for assessment under laboratory conditions and 
were derived mathematically. For this it was assumed that the rim of the pipe 
acted like a circular broad crested weir and the wall operated like a straight broad 
crested weir. The equations used for deriving the level -  discharge relations and 
the resulting graphs are shown in Appendix C.
2. Continuous water level measurements at two-minute intervals at the inlet of the 
pond, starting on 22 September 2001 and ending on 08 July 2002 (Table 3-1). 
The equation used for deriving flows from water levels over the inlet weir is 
shown in Appendix C.
3. Continuous measurement of pH, dissolved oxygen, turbidity, conductivity and 
water temperature in blocks of several weeks and in fifteen-minute intervals at 
the pond inlet and outlet. Table 3-2 shows the approximate periods of sonde 
deployment (marked red). The detailed periods of water quality data collection 
are shown in Appendix B.
Tab le  3-2: Periods o f sonde  dep lo ym en t at Ha lbeath P ond
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4. Grab samples at the pond inlet and outlet on weekly to biweekly intervals. The 
samples were analysed for pH, turbidity, TSS, BOD5, NH3 , TON, P 04+, chloride 
and conductivity.
5. Runoff event sampling for pH, turbidity, TSS, NH3, P04+, chloride and 
conductivity at the pond inlet and outlet in 2001 and 2002 (see Appendix B for 
more details). Inflow sampling was event-triggered at five minute intervals, 
while outflow sampling was continuous at two hour intervals.
In 2001 the sampling equipment was deployed from the 15th of May to the 22nd 
of June. 14 rainfall events were recorded during the time of sampler deployment 
at the inlet, of which 10 were captured. One additional runoff event was captured 
without any rainfall occurring. This was caused by a maintenance crew that 
cleaned gully pots. 18 rainfall events were recorded during the time of sampler 
deployment at the outlet. Pond water levels often fell below the invert of the 
outlet structure during the sampling period, caused by slight leak in the pond, and 
samples that were collected during periods of no measured outflow were 
discarded.
tk» thIn 2002, sampling was carried out from the 8 of February to the 8 of March. 
During this period 30 rainfall events were recorded, of which 7 were captured at 
the inlet.
The impermeable catchment area did not change between the sampling blocks 
but rainfall patterns and the resulting flow regimes were significantly different. 
The meteorological conditions prior to and during the sampling blocks had a 
large impact on sample sizes. Inlet sample sizes were almost equal for both 
periods, with 153 TSS samples collected in 2001 and 129 during the 2002 period. 
Outflow was sporadic during the 2001 sampling period and only rose notably 
above 0.1 1/s during a few events, resulting in 62 samples. During the 2002 
sampling period outflow was continuous and 170 TSS samples were obtained. 
TSS analysis was carried out on all samples with a volume of more than 100 ml.
Figure 3-8 shows the monitoring locations at Halbeath pond.
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F igu re  3-8: M on ito rin g  lo ca tio n s  a t Ha lbeath pond
3.5.2 Sampling And Monitoring Programme at Linburn Pond
The sampling and monitoring programme encompassed the following:
1. Continuous water level measurements at fifteen-minute intervals at the pond 
outlet, starting 14 May 1999 and ending on 08 July 2002 (Table 3-1 and 
Appendix B). Flows were derived through a standard weir equation that was 
modified to be applicable for calculating outflows through the pond’s 4 v- 
notches. The equation is shown in Appendix C.
2. Continuous flow measurement at inlets east, northeast, N1A and NIB (Figure
3-9). The measurements started on 29 March 2002 and ended on 01 July 2002 
(Table 3-1 and Appendix B). Flows at inlets northeast, N1A and NIB were 
measured at two minute intervals, while flows at inlet east were measured at five 
minute intervals. Inlet east received continuous runoff from agricultural land and 
its hydrograph responded much slower to rainfall than the hydrographs of the 
other three inlets.
3. Continuous measurement of pH, dissolved oxygen, turbidity, conductivity and 
water temperature in blocks of several weeks and in fifteen-minutes intervals at
Chapter 3: Field studies 53
the pond outlet. Table 3-3 shows the approximate periods of sonde deployment 
(marked red). The detailed periods of water quality data collection are shown in 
Appendix B.
Table 3-3: Periods o f sonde  dep lo ym en t a t L in bu rn  Pond
O u tle t
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4. Grab samples at the pond inlets and the outlet at weekly to biweekly intervals. 
The samples were analysed for pH, turbidity, TSS, BOD5, NH3, TON, P 0 4+, 
chloride and conductivity.
5. Runoff event sampling for pH, turbidity, TSS, NH3, P 0 4+, chloride and 
conductivity at four pond inlets and the outlet, from the 22nd of March 2002 to 
the 6th of June 2002 (see Appendix B for more details). The samplers at inlets 
northeast, N1A and NIB were event triggered and sampled at five minute 
intervals. Flows at inlet east and the outlet were continuous at intervals of 3 h 20 
min.
During the time of sampler deployment at the inlets there were 24 rainfall events 
recorded of which 8 were captured. 58 rainfall events were recorded during the 
longer time of sampler deployment at the outlet. No auto-sampler was deployed 
at Linbum pond inlet N2. This inlet conveyed runoff from a road (impervious 
area ~ 70%) of only 1,780 m (0.3 % catchment area) through a 600mm diameter 
pipe. It was decided not to monitor inflow at this location, as the site was not 
well suited for monitoring and the flow and pollutant volumes were expected to 
be low.
6. In addition to monitoring at Linbum pond, continuous water level measurements 
at fifteen minutes intervals were taken at the outlet of detention basin D/M 
(Figure 3-10), starting on 10 March 2000 and ending on 01 July 2002 (Table 3-1 
and Appendix B). Flows were derived from water levels through the 
characteristic level -  discharge graph of the Hydrobrake that was installed in the 
outlet. The discharge graph is shown in Appendix C.
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3.5.3 Sampling And Monitoring Programme at Pond 7
Grab samples were collected at the pond inlets and outlet of Pond 7 at weekly to 
biweekly intervals. The samples were analysed for pH, turbidity, TSS, BOD5, NH3, 
TON, P 0 4+, chloride and conductivity.
Figure 3-11 shows the monitoring locations at Pond 7.
Outlet (subm erged )
M a n u a l W Q  s a m p lin g
Inlet Southwest
Road ru n o ff
M a n u a l W Q  s a m p lin g
Inlet North
R esiden tia l ru n o ff
M a n u a l W Q  s a m p lin g
F igu re  3-11: M on ito r in g  lo ca tio n s  a t Pond 7
3.6 Rainfall Data
Rainfall data are the foundation of all runoff analysis. They are also extremely 
important when interpreting variations in runoff quality. Rainfall was monitored 
with tipping bucket raingauges at the South Fod Farm in Duloch Park (Figure 3-2) 
and at Annfield, approximately two miles southeast of Duloch Park.
3.6.1 Rainfall Inter Event Time
For the purpose of this study, rainfall was classified as an event when the raingauge 
recorded a minimum of two bucket-tips within 30 minutes. Raingauge tips with 
more than 30 minutes gap from the preceding or following recorded tip were not 
considered in the event analysis.
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The decision to separate rainfall events by 30 minutes was arrived at after inter event 
times from 15 to 240 minutes were plotted against the resulting number of rainfall 
events and their durations and maximum rain depths were analysed (Table 3-4 and 
Figure 3-12). From this plot, together with observations at site, it appeared that a 30 
minute inter event time provided the best compromise for the catchments at Duloch 
Park. With this inter event time, good resolution for runoff evaluation was provided, 
since it was long enough for runoff to arrive in distinct events at the inlets during 
rainfall periods with several consecutive events. In addition, mnoff events were 
usually also distinguishable in the flow record at the outlets unless they were 
considerably smaller than the preceding event. As a result of the 30 minutes inter 
event time, 10% of the recorded rainfall was classified as not being part of any event 
(Appendix D, Table Dl). The 30 minutes inter event time resulted in 767 rainfall 
events over the monitoring period. The numbers of events that resulted from various 
inter event times are shown in Table 3-4, together with the maximum rain depth that 
was recorded in each group of events. More details on rainfall data are shown in 
Appendix D.
Table 3-4: Rainfall inter event times and resulting number of events
Events separation 
time (minutes)
Number 
of events
Maximum rain depth of any event 
within event separation time (mm)
240 435 44
210 457 42.2
180 473 42.2
150 500 42.2
120 530 42.2
90 582 42.2
60 657 42.2
50 686 38
40 720 37.8
30 767 37.4
25 791 36.6
20 798 35.8
15 813 34.6
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Figure 3-12: Rainfall inter-event times vs. number of rain events
The main purpose of SUDS is to improve runoff quality and, therefore, they need to 
be capable to intercept and remove pollutants from the storms occurring in a typical 
year. CIRIA (2000) recommends the provision of SUDS treatment volumes that are 
sufficient to intercept and detain 90 percent of these storms. The CIRIA document 
also states that from long term measurements a 90 percentile storm depth of 11.5 mm 
can be derived for the Edinburgh and Dunfermline area. However, the rainfall depth 
stated in the CIRIA (2000) document needs to be qualified. The long term rainfall 
measurements are from Edinburgh airport (CIRIA, 2000), approximately 15 km 
south of Duloch Park across the Firth of Forth, and long term local rainfall between 
the two locations may differ. Secondly, the CIRIA (2000) document does not give 
the inter event time on which the 90 percentile storm is based, but it is safe to assume 
that this period is longer than the 30 minutes used at Duloch Park. This is due to 
Halbeath and Linbum pond catchments having an area of 13.5 and 67.5 hectares 
respectively, while it is safe to assume that the 90 percentile rain event quoted in the 
CIRIA (2000) document was calculated for an area much larger than this, requiring a 
longer inter event time. With longer inter event times a location’s 90 percentile long 
term rainfall increases in depth.
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Chapter 4 Results Of Hydrological Investigations
The hydrological field investigations presented in this chapter were undertaken in 
the Halbeath and Linburn pond catchments at locations outlined in Chapter 3. The 
chapter starts with an analysis o f the rainfall data obtained at the site. It then 
investigates the relationships between rainfall and catchment flows, and whether 
these correlate sufficiently to allow flow predictions from rainfall data. Then, 
stormwater flows in the two catchments and pond performance are compared.
The method used for calculating the treatment volumes o f the SUDS ponds at Duloch 
Park is discussed. Conclusions are drawn on the flow attenuation effectiveness o f 
SUDS ponds and detention basins, based on the results obtained from field work for 
this research. The results from Halbeath pond are used to discuss the possibility of 
utilising landscaped areas for attenuating catchment runoff. In addition, the 
appropriateness o f the IH 124 method for calculating greenfield runoff rates for  
catchments where SUDS are proposed is discussed.
4.1 A n a ly s is  O f Rainfall Data
During the time of rain measurements at Duloch Park, from May 2000 to July 2002, 
92.3% of all events were equal to or less than 5 mm in depth and 90% were equal to 
or less than 5 mm/h intensity (Figure 4-1). In terms of duration, 92% of all recorded 
events were less than three hours when an inter event time of 30 minutes was used. 
The analysis also showed that 92% of the inter event times were less than three days. 
More details of rain and dry period durations are given in Appendix D (Tables D3 
and D4).
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The relationships between rain intensity and depth and event duration were also 
analysed and no obvious correlation between these parameters could be found. The 
bulk of higher intensity rainfall events were within the range of 0.4 to 6 mm rain 
depth (Figure 4-2). This was expected, as 93.7% of all rainfall events were of less 
than or equal to 6 mm.
The highest rainfall intensities were found at event durations of up to 1.5 hours 
(Figure 4-3). This was anticipated, as 80.6% of all recorded events were within this 
period and average rain intensities typically decline with longer rainfall durations.
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4.1.1 Implications Of Rainfall Analysis
The water quality volume design calculations for the SUDS facilities at Duloch Park 
were based on a long term 90 percentile rainfall o f  11.5 mm (D’Arcy & Roesner, 
1997; CIRIA, 2000). With the 30 minute inter event period used in this research, 
92.3% of all recorded rainfall events had a depth equal or less than 5 mm. The 
period of rainfall measurements was too short to draw robust conclusions on the long 
term rainfall pattern at Duloch Park. However, the difference between the two 
estimates is significant and suggests that the values used for SUDS design at Duloch 
Park may have resulted in over design of the required water quality storage volume. 
Site measurements suggest that a design volume for 6 mm rainstorms would be 
sufficient to capture over 90% of all storms at Duloch Park (Figure 4-1).
4.2 Runoff Data - Correlations With Rainfall
To understand the response of the Halbeath and Linbum pond catchments to rainfall 
events, flow data were analysed through correlations between rainfall and flow rates, 
rainfall and total flow volumes, and rainfall and runoff lag times. The ability of 
correlations between rainfall and runoff to allow prediction of runoff from rainfall 
was investigated. This would have the advantage that flow measurements over a 
short period (i.e. several weeks) would yield sufficient data for developing rainfall -
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runoff equations, allowing performance estimates of SUDS ponds over several years 
without requiring continuous flow measurements.
The measured flows from detention basin D/M and all pond inlets except inlet east at 
Linbum pond were used for analysis. The pond outlets and inlet east of Linbum 
pond had permanent flows and their measured flows and event flows were used for 
analysis. To determine event flow volumes and peaks, the flow prior to the onset of 
each event was considered as being the base flow which was subtracted from the 
total flow. Each analysis was carried out by including and excluding catchment 
wetness (API5 ).
Runoff lag times were analysed to establish whether the response times of the 
catchments in Duloch Park changed with catchment development. Catchment lag 
times were calculated for each calendar month and all events captured within a 
calendar month were included in the analysis and averaged. It was assumed that the 
runoff lag time was the time between the start of rainfall and change of inflow 
hydrograph
The period for analysis and number of events analysed differed with each location 
and was driven by the availability of flow monitoring equipment. Appendix E 
(Table El) shows the periods and numbers of events included in the analysis at each 
location.
4.2.1 Rainfall -  Runoff C o rre latio ns In The Halbeath Pond C atch m en t
In the Halbeath Pond catchment, inflow volumes correlated to rainfall with an R2- 
value of 0.84 when catchment wetness was not considered in the analysis. The line 
of regression had the equation y = 1.45x (see Appendix E, Table E2 and Figure E l, 
for details). Pond event outflows correlated with an Revalue of 0.71 and the line of 
regression had the equation y = 1.12x - 1.88 when catchment wetness was not 
considered in the analysis (Appendix E, Table E3 and Figure E2). Peak inflow rates 
had no reliable correlation with rain depths while peak outflow rates correlated to 
ram depth with an R -value of 0.71 when catchment wetness was not considered.
Chapter 4: Results o f hydraulic field investigations 6 2
The line o f  regression  for peak outflow s w as y  =  0 .1 5x  (A ppendix E , T ables E 2 and 
E 3). D eta ils o f  all the tests applied are show n in  A ppendix E (T ables E 2 to E 5). The  
results illustrate that m ost o f  the ru n off in  the H albeath pond catchm ent cam e from  
im perm eable areas w here rainfall over the fiv e  days preceding an observed  event 
does not in fluence ru n off volum es. The sign ificantly  better correlation b etw een  rain 
depths and peak f lo w  rates at the outlet, com pared to in flow s, sh ow s that the pond  
evened  out ru n off peaks betw een in let and outlet. From the results it can  a lso  be  
deduced that event v o lu m es can be predicted w ith  a good  degree o f  accuracy (R 2
0 .71 ) w hen  the rain depth o f  the event is known.
4.2.2 Rainfall -  Runoff Corre lations In Th e  Linburn Pond C atch m en t
In the L inbum  pond catchm ent, ou tflow  vo lu m es from  detention basin  D /M  
correlated to ram depths w ith  an R  -value o f  0 .97  w hen  catchm ent w etn ess  w as not 
considered in  the analysis. The line o f  regression  had the equation y  =  9.41 x  -  4 .9 6  
(A ppendix E, Table E 6 ). The strong correlation o f  rain depth to ru n off v o lu m es  
w hen  catchm ent w etn ess w as not considered w as due to the catchm ent o f  detention  
basin  D /M  being  a road and 100% o f  the connected  area w as im perm eable.
D etention  basin  D /M  has a Hydrobrake, w h ich  lim its flow  rates to 9  1/s at a w ater  
depth o f  0 .6  m  (A ppendix C, Figure C 5), and the correlation b etw een  rain and peak  
flow s w as not analysed. From  the results it can b e concluded that o u tflo w  v o lu m es  
can be predicted w ith  confidence (R  0 .97 ) w hen  the rain depth o f  the even t is  
known.
R ain depths and peak flo w s at inlet east o f  the L inbum  pond (Figure 3 -9 ), w h ich  w as  
a field  drainage p ipe, correlated w ith  an R e v a lu e  o f  0 .76  w hen  the A P I5 w as  
considered in  the analysis. The line o f  regression  had the equation y  =  0 .3 x  -  0 .0 6  
(A ppendix E, Table E7 and Figure E 5). N o  reliable correlations w ere found b etw een  
rain depths and ru n off vo lu m es (A ppendix E, Table E7). This w as m ain ly  due to the 
flo w  m onitor being  im precise at lo w  flow s (see  A ppendix G ), having an R e v a lu e  o f  
- 0 .0 7  for the correlation o f  flow  v e lo c ity  to depth. It is  lik e ly  that w ith  m ore p recise  
equipm ent a relationship betw een rain depth and ru n off w ould  have b een  found for  
this area. The results suggest that ru n off peaks w ere evened  out due to rain h avin g  to
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percolate through the so il before reaching the drainage pipe as interflow . D irect fie ld  
ru n off w ou ld  not b e expected  to correlate w ith  rain depths, as surface peak flo w s are 
strongly in fluenced  b y  rain intensity.
F low  vo lu m es at L inbum  pond inlets N 1 A  and northeast (see  Figure 3 -9 ) correlated  
to rain depth w ith  R e v a lu e s  o f  0.71 (line o f  regression: y  =  0 .9 6 x  -  1 .31) and 0 .83  
(line o f  regression: y  =  0 .3 9 x ) respectively  w hen  the A PI5 w as considered  in  the 
analysis (A ppendix E, T able E7 and Figure E 7). B oth  locations had upstream  flo w  
controls and the correlations b etw een  rain and peak  flo w s w ere not analysed . It w as  
expected  that in flow s at in let northeast w ou ld  correlate best w ith  rain depth w h en  the  
A PI5 w as not considered, as this w as a road catchm ent. H ow ever, tem porary  
drainage from a large undeveloped  area o f  the leisure park w as laid into tw o  
detention basins that drain to inlet northeast and from  the results it appears that the  
undeveloped  area had a larger im pact on  ru n off properties than the road surfaces. N o  
reliable correlation b etw een  rainfall and ru n off cou ld  be found for in let N I B  
(A ppendix E , Table E 7). This inlet received  road ru noff and, w hen  the A P I5 w a s not 
considered in  the analysis, a good  correlation b etw een  rain depth and ru n o ff v o lu m es  
w as expected. It appeared from visual observation  that ru n off from  adjacent fie ld s  
infiltrated into this catchm ent, w hich  cou ld  have b een  the reason for not find ing  any  
correlation b etw een  rain and runoff.
The analysis o f  ou tflow  data did not yield any reliable correlation b etw een  rainfall 
and ru n off (see  A ppendix E, Tables E 8  to E 10, for fu ll details o f  analysis). T his w as  
expected, as the pond received  runoff from  several catchm ents that varied  stron gly  in  
their properties. From th ese  results it can b e  concluded  that pond ou tflow s can not 
be estim ated from rain depths alone. M ore com p lex  m ethods for ou tflow  estim ation , 
such as catchm ent m odelling , w ill be required.
4.2.3 C atchm ent Lag  T im es
Rainfall did not correlate w ith  runoff lag  tim es at any o f  the locations m onitored  and 
the data from  w hich  the average lag  tim es for each  location  w ere calcu lated  had a 
large scatter (A ppendix E, Figure E3 to E 8 ). T hese results strongly su g g est that
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catchm ent lag  tim es are not a good  perform ance indicator for the S U D S  at D u lo ch  
Park.
A  lag tim e analysis for a clien t report (Jefferies et al, 2002) clearly sh ow ed  that there 
w as a sign ificant drop in  average lag tim es b etw een  the near greenfield  con d ition s, in  
1999, and the partly d eveloped  catchm ents in  2 0 0 0  (A ppendix E, Figure E 9). T he  
results from  this research and the results obtained b y  Jefferies et al (2 0 0 2 ) im p ly  that, 
firstly, ru n off lag  tim es are sign ificantly  longer for an undeveloped than for a partly  
d eveloped  catchm ent. Secondly, on ce an un develop ed  catchm ent has b een  subject to  
developm ent there w ill not be any sign ificant changes in ru noff lag tim es w ith  further 
developm ent.
4.3 A n a ly s is  of Runoff Even ts
R u n o ff events from  both catchm ents w ere analysed  and com pared in  order to  
understand the effects  o f  different land u se on  flo w s in  the catchm ent. T he analysis  
o f  event flo w s w as also used  to conclude on  the effectiven ess o f  S U D S  p onds w ith  
different d esign  in attenuating runoff v o lu m es and flo w  rates.
4.3.1 Runoff From  Th e Halbeath Pond Catchm ent
R ainfall generated outflow s from H albeath pond w ere typ ica lly  lo w  (Figure 4 -1 1 , 
Figure 4 -1 2  and A ppendix E, Table E l  1). O nly b etw een  0.3%  and 33.9%  o f  each  
m onth’s rainfall over the catchm ent w as m easured as ou tflow  from  the pond  
(A ppendix E, Table E l 1). Inflow s to the pond  w ere m easured from  Septem ber 2001  
to July 2 0 0 2  and during this tim e continuous in flow s w ere o n ly  m easured from  
January to A pril 2002 . T hese continuous in flow s w ere m ost lik e ly  the result o f  
January and February 20 0 2  being relatively  w et (total com bined rain depth o f  2 1 1 .6  
m m , see A ppendix E , Table E l  1). The lack o f  base flow , com bined w ith  susp ected  
water lo sses  through the pond’s em bankm ent, caused  the water lev e l to drop b e lo w  
the invert o f  the outlet structure typ ica lly  w ith in  four to five  days o f  m ajor ru n o ff  
events. T hese lo sses  low ered the w ater lev e l to a stage w here sm aller ru n o ff even ts  
did not result in any ou tflow  at all. The data also  show ed  that the pond perform ed
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w ell in  attenuating peak  flow s. During the events show n in Figure 4 -4  and Figure
4 -5 , the peak ou tflow s w ere up to 15.6 tim es low er than at the in flo w  (T ab le 4 -1 ).
Table 4-1: Peak reductions at Halbeath pond
Event Peak Inflow 
(1/s/ha)
Peak Outflow 
(1/s/ha)
Peak reduction factor
10-15 Feb 02 2.2 0.47 4.7
13-15 May 02 1.4 0.09 15.6
Catchm ent ru n off vo lu m es w ere also low , as illustrated in  s ix  ru n off even ts sh ow n  in  
Table 4-2 . T he lo w  ru n off vo lum es from  the H albeath pond catchm ent co u ld  not be  
explained  to their fu ll extent, but from  visual observations it w as con clud ed  that tw o  
factors contributed to it. Firstly, surface storage on  the im pervious areas (large  
puddles at the car park) and, secondly, parts o f  the im pervious areas draining to  
landscaped areas w ith in  the developm ent. U nd evelop ed  land in  the catchm ent, 
includ ing landscaped areas, w as not connected  to the pond. Pond in flo w s responded  
(onset and change o f  flow  rate) to rainfall events typ ica lly  w ith in  17 m inutes  
(A ppendix E, Figure E3).
Table 4-2: Halbeath Pond -  Rain over catchment and runoff volumes
Event
Start End
Rain
(mm)
Total rain volume 
over catchment (m3)
Runoff 
volume (m3)
Runoff (% of rain 
over catchment)
20/03/2002 22/03/2002 14 1834 360 19.6%
01/04/2002 01/04/2002 4.8 629 105 16.7%
14/04/2002 15/04/2002 8.8 1153 199 17.3%
21/06/2002 24/06/2002 11 1441 302 21.0%
30/06/2002 01/07/2002 8 1048 160 15.3%
28/07/2002 01/08/2002 27 3537 641 18.1%
Figure 4 -4  and Figure 4-5  show  tw o representative rainfall events and the resulting  
flo w s at the in let and outlet o f  H albeath pond. B oth  figures clearly  sh ow  that ru n off  
from  the catchm ent w as in pronounced peaks shortly after rainfall occurred. T he  
figures a lso  sh ow  that rain events o f  up to 0 .4  m m  hardly produced any ru n o ff at all. 
The p ond’s good  perform ance in reducing flo w  rates and, w ith  it, the r u n o f fs  erosive  
force, is  evident in both figures. Figure 4-5  provides evidence that sm all rainfall 
events w ere entirely contained w ithin the pond. For the event show n, 3 .2  m m  o f  rain 
fe ll before ou tflow  from the pond w as m easured.
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Figure 4-5: Halbeath pond -  inflows and outflows following rain in May 02
4.3.2 Runoff From The Linburn Pond Catchment
The outflows from Linbum pond were compared with the flows at each of the four 
inlets monitored. In addition, a comparison of outflows with the combined inflows 
was made. Linbum pond also had a fifth inlet which for practical reasons outlined in 
section 3.3 was not monitored. This inlet drained a road of only 2025 m2 (0.3% of 
total catchment area) and only had flows during rain events. Comparison of total 
pond inflows to outflows showed that the pond significantly attenuated peak flows 
and, during the event shown in Figure 4-6 and Figure 4-8, peaks at the outflow were 
up to 9.9 times lower than at the inflow (Table 4-3).
Table 4-3: Peak reductions at Linburn pond
Event Peak Inflow 
(l/s/ha)
Peak Outflow 
(l/s/ha)
Peak reduction factor
14-16 Apr 02 1.38 0.14 9.9
13-15 M ay 02 1.77 0.24 7.4
Chapter 4: Results o f hydraulic field investigations 67
The comparison of flows at each inlet with outflows showed that inlet NIB had by 
far the largest flows per unit area (Figure 4-7). Inlet NIB conveyed runoff from a 
road segment without any attenuation. The hydrographs also show that inflows there 
responded fastest to rainfall events (enlargements 1 &2 of Figure 4-7). Flow rates 
were significantly lower at inlet northeast which also conveyed runoff from roads 
only (Figure 4-7). Unlike inlet NIB, runoff from all sub-catchments draining to inlet 
northeast was routed through detention basins which significantly reduced flow rates 
(Figure 3-5). Inflow at inlet N1A was from a residential area and flow rates were 
regulated by a throttle structure that diverted flows to temporary storage whenever 
runoff rates exceeded the capacity of a 225 mm throttle pipe (Figure 3-5). The 
capability of detention basins in attenuating flow rates from small storms and also 
reducing some runoff volume is evident when the runoff hydrographs of inlets N1A 
and NE are compared. The catchment draining to inlet NE consisted of roads and car 
park, i.e. almost entirely of impermeable surfaces, whereas only 60% of N IA ’s 
catchment was impermeable. Nevertheless runoff volumes at inlet N1A following 
small rain events were greater and flow rates were higher than at inlet NE (Figure
4-7). During these events, runoff arriving at inlet N1A was not controlled by the 
throttle structure, whereas runoff arriving at inlet NE was routed through the 
detention basins (Figure 3-5). Inlet east had a permanent base flow but following 
rain events the increase in flow rates and flow volumes was smallest there. This inlet 
received flows from a large field.
Representative runoff events with flows at each inlet and the outlet are shown in 
Figure 4-6 to Figure 4-9.
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Figure 4-6: Linburn pond -  total in and outflows following rain in April 02
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Figure 4-8: Linburn pond -  total in and outflows following rain in May 02
For several months, outflows from Linbum pond were more than the total rain on the 
catchment (see section 4.3.3). Dry weather flows into and out of the pond were 
analysed to investigate the causes of this, and graphs for a representative period are 
shown in Figure 4-10. The graphs show that outflows were higher than the measured 
inflows, and, towards the end of the dry period, outflows were almost twice the 
inflows. The figure also shows that only inlet east, which conveyed greenfield 
runoff, contributed inflow during dry periods. From these hydrographs it can be
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concluded that groundwater contributed to the pond’s water budget. It can also be 
concluded that the permanent base flow at inlet east was due to groundwater.
Figure 4-9: Linburn pond -flow s at each inlet and the outlet following rain in May 02
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Figure 4-10: Linburn pond -  base flows at inlets and outlet in June 02
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4.3.3 Total Runoff From Halbeath And Linburn Pond Catchments
Halbeath and Linbum pond catchments, besides having entirely different SUDS 
installed, have significantly different physical properties and land use (see sections 
3.2 and 3.3). From investigating and establishing differences in their runoff 
volumes, it is possible to draw conclusions on certain issues that require particular 
attention when designing SUDS ponds and treatment trains.
There were significant differences between outflow volumes from the two ponds 
(Figure 4-11 and Figure 4-12). Compared to rainfall, outflows from the Halbeath 
pond were always extremely low. Percentage runoff of monthly rain on this 
catchment never exceeded 34% (Appendix E, Table El l )  and also the cumulative 
outflow over two years was extremely low (Figure 4-12). In contrast, outflow 
volumes from Linbum pond were typically above 50% of rain depth and often 
significantly more mnoff than rain over the catchment was recorded (Figure 4-11 and 
Appendix E, Table El l ) .  The causes for this huge difference in mnoff volumes were 
most likely water loss from the Halbeath pond through its embankment (see section
4.3.1) and groundwater ingress at Linbum pond (see section 4.3.2). During several 
months, infiltration of domestic sewage also contributed to the water budget of 
Linbum pond (see section 6.5). Rain and pond outflows are shown in Figure 4-11 
and Figure 4-12.
DEX: Monthly rainfall and flows at outlets of Halbeath and Linburn pond
(m3/ha)
Figure 4-11: Halbeath and Linburn pond catchments - monthly rain depth and runoff
volumes over two years
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Figure 4-12: Halbeath and Linburn pond catchments - cumulative rain depth and
runoff volum es over two years
4.3.4 Outflows From Halbeath And Linburn Ponds
It was shown in section 4.3.3 that the catchments of Halbeath and Linbum ponds 
differed immensely in terms of total runoff volumes. In addition, it was shown in 
sections 4.3.1 and 4.3.2 that the outflow rates of the two ponds differed significantly. 
To investigate the differences, a direct comparison was undertaken between the two 
catchments to analyse their responses to rainfall in detail.
There was continuous outflow from Linbum pond, while water levels at Halbeath 
pond would typically fall below the invert of the outlet structure after several dry 
days. When both ponds had outflow prior to a rainfall event, Halbeath pond 
typically had the greater changes in rain induced outflow rates. During the event 
shown in Figure 4-15 the change in outflow rates at Halbeath pond was twice that at 
Linbum pond (Table 4-4).
Table 4-4: Changes in peak outflow rates following rainfall
Location Flow rate at onset of rain 
event (10/02/02 @ 20:22 h)
Peak flow 
rate
Factor of 
change
Halbeath pond - outlet 0.12 1/s/ha 0.48 1/s/ha 4
Linbum  pond - outlet 0.77 Fs/ha 1.43 1/s/ha 1.9
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T hese results, in  com bination  w ith  the findings for reductions in  peak flo w  rates in  
section s 4 .3 .1  and 4 .3 .2 , show  that L inbum  pond attenuated peak flo w s better than 
H albeath pond, i f  H albeath pond had ou tflow s prior to the onset o f  a rain event. 
H albeath pond typ ica lly  attenuated peak flo w s better than L inbum  pond w h en  it had  
no ou tflow s prior to the onset o f  rain, w ith  the degree o f  flo w  reduction depending on  
the w ater lev e l in  the pond prior to rain and the depth o f  the rainstorm. H albeath  
pond  lost w ater through seepage and, therefore, the results show  that m n o ff  
infiltration through a p on d ’s shore can sign ificantly  im prove the p on d ’s peak  flo w  
attenuation.
T he ou tflow  stm cture at H albeath pond a llow ed  for less flo w  w ith  change in  w ater 
lev e l than at L inbum  pond (see  Figure 3 -4 , F igure 3 -6  and A ppendix C, F igures C l  
and C 3). H albeath pond cou ld  therefore m o b ilise  m ore storage w ith  change in  flo w  
rate than Linbum  pond, and it w ould  be expected  that it alw ays perform s better in  
attenuating peak flow s. H ow ever, an assessm ent o f  the flo w  rates per hectare  
sh ow ed  that the outlet stm cture at H albeath pond a llow s m ore flo w  per hectare than  
the one at L inbum  pond. For exam ple, at a w ater lev e l o f  100 m m  over the ou tflow  
invert L inbum  pond w ill have flow s o f  18.5 1/s, w h ile  H albeath pond has 7 .9  1/s 
(A ppendix C, Figures C l and C3). C onsequently, at 100 m m  w ater le v e l L inbum  
pond (67 .5  ha catchm ent) has a flow  o f  0 .2 7  1/s/ha, w h ile  H albeath pond (1 3 .5  ha  
catchm ent) has 0 .59  1/s/ha. O nce w ater lev e ls  reach 184 m m  over the invert,
H albeath pond’s ou tflow  stm cture attenuates flo w  rates per hectare better than the  
on e at L inbum  pond (Figure 4-13).
B esid es flo w  properties o f  the outflow  stm cture, pond peak flow s attenuation is also  
dependent on  the available storage per hectare m n o ff  area and this w as an area o f  
uncertainty in  both catchm ents. Firstly, it w as observed that not all m n o ff  from  the 
d eveloped  area in the H albeath pond catchm ent drained to the pond. S econ d ly , at 
L inbum  pond it cou ld  not be ascertained h ow  b ig  a catchm ent area the perm anent 
in flo w  at in let east and the groundwater ingress into the pond w as equivalent to. For 
the hydraulic m odelling, outlined in  Chapter 5, an additional area o f  27 .5  ha had to 
b e allocated in  the L inbum  pond catchm ent to account for these flo w s in m od el 
verification  (section  5 .6 .2).
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Comparison Of Outflow Structures At Halbeath and Linburn Ponds (Flows 
Per Hectare Catchment Area)
-----Outflows Halbeath Pond----- Outflows Linburn Pond |
Figure 4-13: Comparison of outflow structures at Halbeath and Linburn ponds
Figure 4-14 and Figure 4-15 show representative outflow events following rainfall. 
The outflows from Halbeath pond typically reached their peak flow rates sooner than 
outflows from Linbum pond (Figure 4-14 and Figure 4-15). No robust conclusions 
could be drawn for this but it was likely that the flow paths in the Halbeath pond 
catchment were shorter (Linbum pond is much longer) and that the detention basins 
in the Linbum pond catchment caused some element of delay for flows from the 
upper catchment reaches.
Comparison of outflows from Linburn and Halbeth ponds (05/12/01 00:00 h -
07/12/01 00:00 h)
Outflow Halbeath Pond------- Outflow Linburn pond--------Rain
Figure 4-14: Comparison of outflows at Linburn and Halbeath ponds following rain in
December 01
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Figure 4-15: Comparison of outflows at Linburn and Halbeath ponds following rain in
February 02
4.3.5 Comparison Of Road Sub-Catchments Draining To Linburn Pond
Differences in the response to rainfall were not only large between Halbeath and 
Linbum pond catchments, but also between the two road sub-catchments draining 
into the Linburn pond. There, the runoff arriving at inlet northeast was routed 
through detention basins whereas runoff arriving at inlet NIB was directly 
channelled into the pond. The runoff behaviour o f  these two catchments was closely 
investigated to study the effect of detention basins on the runoff hydro graph of 
similar catchments.
Outflows at detention basin D/M were compared with flows at inlet northeast (see 
Figure 3-5 for catchment schematic). The results show that the catchment draining 
to detention basin D/M made large contributions to the total inflows at inlet 
northeast. Only 3% of the catchment served by inlet northeast drained through 
detention basin D/M but the contribution to overall flow peaks and volumes was 
typically above 20% during rainstorms with depths of equal or less than 6 mm 
(Figure 4-16 and Appendix E, Table E l2). The influence on peak flows diminished 
during storms with profiles that triggered the operation of the Hydrobrake of 
detention basin D/M. As rain depth increased, catchment D/M also appeared to 
contribute a lower percentage to the overall flow volume (Figure 4-16 and Appendix 
E, Table E l2). The two upper graphs in Figure 4-16 show low intensity rainfall 
events during which the outflow control of detention basin D/M was not triggered, 
whereas the lower graphs show events that triggered the outflow control.
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Linburn pond: Flows from detention 
basin CVM & at inlet NE(14/4/02 6:00 h - 
15/4/02 12:00 h)
Linburn pond: Flows from detention 
basin DIM  & at inlet NE(13/05/02 08:55 h
Inlet NE ' Outlet detention DIM -------Rain
Linburn pond: Unit area flows from 
detention basin D/M & at inlet NE 
(14/4/02 6:00 h - 15/4/02 12:00 h)
-------Inlet NE--------Outlet detention D/M--------Rain
Linburn pond: Unit area flows from 
detention basin DIM  & inlet NE
-------Inlet NE--------Outlet detention D/M--------Rain
Figure 4-16: Two flow events at outlet of detention basin D/M and inlet NE. Outflow  
control of detention basin D/M w as activated during the May event.
The area draining to detention basin D/M had properties that were similar to the 
catchment draining to inlet NIB, although the catchment draining to D/M was 
steeper. Flows from both locations were compared to study the modification o f 
runoff hydro graphs by detention basins. It was found that peak flow rates per unit 
area were significantly higher at inlet NIB than at the outlet of detention basin D/M 
(Appendix E, Table E13) and a representative runoff event is shown in Figure 4-17. 
The events shown in Figure 4-17 were of low intensity and did not trigger the 
operation of the detention basin’s Hydrobrake. Nevertheless, outflow rates from 
detention basin D/M were significantly smaller than inflows to NIB and from this it 
can be concluded that the detention basin also attenuated flow rates during flow 
events that passed through the facility without activating the flow control device. In 
addition, the observed peak flows per unit area at inlet NI B were between ten and 
thirty times higher than at inlet northeast (see Figure 4-7 and Figure 4-9), again 
implying that detention basins are effective in reducing the erosive forces of urban 
runoff.
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Linburn pond: Comparison of outflows from detention basin D/M and flows
at inlet N1B (14/4/02 6:00 h -15/4/02 12:00 h)
- Inlet N1B-------Outlet detention D/M------- Rain
Figure 4-17: Flow event at outlet of detention basin D/M and inlet N1 B.
4.3.6 IH 124 Greenfield Runoff Estimate vs. Field Observations
Scottish Water, the main sewerage undertaker in Scotland, uses the Institute of 
Hydrology Report 124 “Flood Estimation For Small Catchments” (Marshall and 
Bayliss, 1994) as their standard method for estimating greenfield runoff. This 
method is used when any site is developed or re-developed and the 2-year peak flow 
rate from the developed site is not meant to exceed the 2-year greenfield runoff rate 
calculated with this method. The results of field observations at Duloch Park suggest 
that this method may not be an appropriate base for calculating outflow rates from 
SUDS, especially when the receiving watercourse is vulnerable to erosion. With the 
IH 124 method for estimating greenfield runoff, Halbeath and Linbum pond 
catchments are estimated to have a 2-year peak flow of 50 1/s and 244 1/s 
respectively, or approximately 3.65 1/s/ha (Appendix F). Runoff from the two 
catchments, which were partly developed, showed much lower flow rates per hectare 
(Figure 4-4 - Figure 4-6, Figure 4-8, Figure 4-14 and Figure 4-15). The results 
indicate that the IH 124 method could over estimate the greenfield runoff rates from 
Duloch Park, leading to calculated SUDS peak outflow rates that have the potential 
to cause erosion in the receiving watercourse and flooding downstream.
4.4 Conclusions From Hydrological Investigations
The field data suggest that the pond volumes at Duloch Park may have been over- 
designed. The ponds were designed for a 90 percentile rain depth of 11.5 mm, but 
site measurements suggest that a volume for 6 mm rain depth may have been
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su fficien t for capturing 90%  o f  all storm s at D u loch  Park. The d ifference b etw een  
the tw o estim ates m ay  partly have been  due to D u loch  Park b ein g  approxim ately 16 
km  aw ay from  the p lace the rainfall data for the d esign  estim ate w as from . The  
shorter (and h en ce less reliable) period o f  m easurem ent at D u loch  Park, com pared to 
over 20-years o f  data from  the design  raingauge location , m ay also have contributed  
to the d ifference. H ow ever, the rain inter-event tim e o f  30  m inutes, ch osen  for the 
analysis o f  the S U D S  at D u loch  Park, had probably the b iggest im pact on  the 
estim ates o f  the 90  percentile rain depth. The results from D uloch  Park have  
im plications for the w ater quality vo lu m e d esign  o f  all S U D S , as they im p ly  that it is 
best to first estim ate site specific  inter-event periods before calculating the 90  
percentile rain depth from  the data available.
The results from  the H albeath pond catchm ent sh ow  that a com paratively sm all 
percentage o f  rain arrived as runoff at the pond. T his w as due to som e o f  the 
im perm eable areas draining to both landscaped and undeveloped  areas. From  the 
results it can be concluded  that landscaped areas can  be used  for provid ing effectiv e  
ru n off attenuation from urban developm ents.
The results from  D uloch  Park provide strong ev idence that S U D S  ponds are effec tiv e  
in  attenuating ru n off peaks. Halbeath pond lost w ater through a leak in  its liner 
w hich  resulted in  sign ificant attenuation o f  ru n o ff vo lum es, w ith  m ost o f  the sm aller  
storms b ein g  com p letely  detained. The results from  this pond indicate that even  in  
silt-clay  so ils  a degree o f  volum e reduction can b e  obtained i f  w ater lo ss  through a 
p ond’s shores is allow ed.
From the com parison o f  sub-catchm ents ru n off at L inbum  pond, it can b e concluded  
that detention basins are effective in  attenuating flo w  peaks even  during ru n o ff  
events that are too sm all to trigger a b asin ’s ou tlet control.
The data from  hydrological m onitoring su ggest that the LH 124 m ethod m a y  not 
alw ays b e appropriate for predicting greenfield  ru n off from  catchm ents that are to be  
developed. The m onitoring data su ggest that com prehensive site in vestigations that 
focus on  both surface storage and infiltration properties should be undertaken prior to  
estim ating a s ite ’s greenfield  runoff.
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In Chapter 5, the fie ld  m easurem ents w ere used  for build ing and verify in g  surface  
drainage m od els o f  the H albeath and L inbum  pond catchm ents in  SW M M . The  
m odel w as used  to draw further con clusion s on  the hydrological perform ance o f  the 
S U D S  in these catchm ents.
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Chapter 5 Hydrological Modelling
A modelling exercise on the Linburn and Halbeath ponds catchments was 
undertaken. Separate models o f the two catchments were assembled and each was 
verified using a number o f recorded runoff events. The performance o f both 
treatment trains was tested by applying design storms with a variety o f return 
periods. Alternative drainage layouts were hypothesised and their performance 
compared to the as built situation was predicted. The efficiency o f the drainage 
layouts were also assessed in terms ofpeak flow and volume attenuation. The work 
in this chapter clearly shows that SUDS attenuate the hydrologic impacts o f  urban 
catchments on receiving waters. It also strengthens the findings and conclusions 
drawn in Chapter 4. Finally, several weaknesses o f the modelling software in 
replicating SUDS are pointed out.
5.1 Softw are U sed
PC SW M M  2002  (Personal Com puter Storm  W ater M anagem ent M od el) w as used  to 
analyse the S U D S  at D u loch  Park and com pare their perform ance w ith  that o f  
alternative layouts. A s  outlined in  section  2 .11 , it is  recognised  that this softw are has 
lim itations in predicting the behaviour o f  certain S U D S  units. N everth eless, the 
software incorporates a range o f  u sefu l com ponents for hydrologica l an alysis and 
w as considered an appropriate tool for draw ing conclusions on  the h yd rologica l 
perform ance o f  SU D S .
5.2 M odelling C o n cep t
The general concept for hydrologic perform ance m odelling  o f  the S U D S  at D u loch  
Park w as to calculate the outflow  rates and vo lu m es from the ex istin g  drainage  
netw orks and com pare their predicted attenuation effic ien cies to standard p ipe  
system s and alternative S U D S  layouts. The standard p ipe system s served  as a 
benchm ark w ith  w hich  the relative im pacts o f  the ex isting  S U D S  and several 
alternatives w ere com pared. The relative im pacts w ere calculated as the percentage
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reduction o f  peak flo w  rates and flo w  volum es. The defin itions o f  hydraulic  
effic ien cies  w ere adopted from  H R W allingford (K ellagher and Lauchlan, 2 0 0 5 ) and 
are show n as Equations 8-1 and 8-2.
H ydraulic e ffic ien cy  (f lo w  rate) i jQ =  ^ benchmark— Q sud_ E q u a tio n  5-1
Qbenchmark
where Q  is the peak flow rate in m3/s.
V  - V
H ydraulic e ffic ien cy  (vo lu m e) rjv =  —benchmark------sud_ E q u a tio n  5-2
^benchm ark
where V  is the outflow volume in m3.
For both  equations, the m axim um  value that can be obtained is  unity and the  
m inim um  value is zero. T he higher the value for hydraulic e ffic ien cy  the better the  
S U D S  unit is  in  reducing the ou tflow  rate or flo w  volum e. C alculating the hydraulic  
effic ien cy  is  an extrem ely usefu l aid w hen  d ecid ing  on the type o f  S U D S  to be  
installed  at a site. The to o l can be expanded to a lso  calculate the space e ffic ien cy  
and h ence the cost effectiven ess o f  each  particular S U D S  under consideration.
In addition, greenfield  ru n off w as m od elled  to illustrate the changes in  catchm ent 
hydraulics due to the n ew  developm ents.
The design  parameters for the drainage scenarios at H albeath and L inbum  ponds are 
described in  sections 5.3 to 8 .6 . Each drainage scenario analysed  for the H albeath  
pond catchm ent is outlined in section  5.5 . The drainage scenarios for the L inbum  
pond catchm ent are described in section  5.6.
5.3 Storm  Even ts
The perform ance o f  the S U D S  in both catchm ents w as assessed  using  d esig n  storm s 
and observed rainfall and the events used  are described in sections 5.3.1 and 5 .3 .2 . 
T he purpose o f  using observed  rainfall in  addition to design  storm s for a ssess in g  the 
S U D S  w as to achieve a perform ance com parison based on  real events.
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5.3.1 D esign  Ev e n ts
A ll design  storm s had a one-hour duration and used  a sum m er profile. A lthough  
sim plistic , this assum ption is not unreasonable as storm s o f  that duration and profile  
are typ ica lly  o f  h igh  in tensity  and also  o f  large enough rain depth to assess the 
perform ance o f  attenuation system s.
The design  rainfall events w ere based on  the prim ary rainfall descriptors from  the 
F lood  Studies Report (F SR ) o f  M 56O and the rainfall ratio “r” (H R  W allingford, 
1981a). D unferm line is located  on  the east coast o f  Scotland and the w id e ly  used  
rainfall map from H R  W allingford (1981b ) sh ow s that the 5 -year return period  storm  
o f  one hour duration has a rain depth o f  16 m m  and a ratio r o f  0 .28  for th is area.
The rainfall events used  for m od ellin g  w ere generated for this hydrologica l zone. 
D etails for each o f  the used  events are g iven  in T able 5-1.
Table 5-1: Purpose and characteristics of design events used for analysis
Return
period
Purpose Rain depth (mm); 
zone 16/0.28 (SRP)
1 yr Used by UK sewerage undertakers for assessing hydraulic system behaviour during “water quality” events 11
2 yr Used for comparing system performance with planning consent (permissible flows stated as the 2-yr storm event) 13.2
5 yr Used by UK sewerage undertakers for assessing system surcharge 16.3
10 yr Used by UK sewerage undertakers as the threshold where remedial measures against surface flooding are taken 19
30 yr Used as the expected level of service o f drainage systems in UK 24.1
50 yr Operation of emergency overflows o f ponds at Duloch Park 26.9
100 yr
Event for which level of service against internal flooding of 
properties in new developments and protection against 
exacerbated river flooding must be provided
31.3
D esign  events w ere found to be extrem ely  usefu l for the rapid assessm ent and 
com parison o f  the ex isting  S U D S w ith  alternative layouts. H ow ever, the sym m etric  
profile o f  design  storms d oes not reflect actual patterns o f  real rainfall even ts and 
m ay affect the results o f  the analysis.
5.3.2 O bserved  Rainfall Ev e n ts
R ainfall data from D u loch  Park w as available as a continuous tim e series from  M ay  
2 0 0 0  to July 2002 . The tim e series used  for verification  o f  the H albeath and Linbum  
pond catchm ents are sh ow n  in  A ppendix I (T ables II and 12).
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O bserved rainfall data are essential for m od el verification  and it w as also  felt that, 
provided sufficient data are available, observed rainfall provides better m eans for 
predicting system  behaviour than design  storm s. H ow ever, their use requires m uch  
m ore com puting pow er and tim e than design  storm s for m od el runs. T w o rainfall 
tim e series for each o f  the tw o catchm ents w ere u sed  for S U D S  assessm ent and the  
m od ellin g  results for the series used for the H albeath pond catchm ent are sh ow n  in  
Table 5-9  and Table 5 -10  as w ell as Figure 5-3 and Figure 5-4 . Table 5-21 and Table
5-22  as w e ll as Figure 5 -7  and Figure 5-8  sh ow  the m od ellin g  results for the tim e  
series used to assess S U D S  in  the L inbum  pond catchm ent.
5.4 Model Build
For calibration purposes, the m odels o f  the H albeath and L inbum  pond catchm ents 
w ere built to reflect the networks at the tim e o f  f lo w  observations as c lo se ly  as 
possib le. The m od els w ere then expanded to represent the catchm ents in  their 
planned com pleted  status. T his w as done to predict system  perform ance under fu lly  
developed  conditions. C om ponents o f  the fu lly  d eveloped  scenarios w ere then  
altered or replaced, to com pare the effectiven ess o f  the installed  w ith  alternative 
S U D S .
5.5 Modelling O f Th e  Halbeath Pond C atchm ent
5.5.1 Halbeath Pond Catchm ent - Ex istin g  D rainage Network
A  m od el schem atic is sh ow n  in  A ppendix J, Figure J l.
The ex isting  drainage netw ork in the H albeath pond catchm ent w as m od elled  as 
fo llow s:
1. The catchm ent w as divided into sub catchm ents that w ere accom m odated in  
tw o runoff b locks (T able 5-2 and A ppendix J, Figure J l) .  R u n o ff b lock  one  
included all sub catchm ents o f  the Leisure Park area and the spine road, ru n off  
block  tw o included the green space around the pond and the surface area o f  the 
pond. A  catchm ent had to b e created for the pond surface area, as P C SW M M  
2002  can not accom m odate rainfall on  a storage m odule.
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2. R u n o ff from  b lock  on e w as con veyed  in a p ip e system  to a storage node
representing the pond. The p ipe system  w as represented in Extran, to a llow  the 
m od ellin g  o f  p ipe surcharge. R u n o ff from  ru n off b lock  tw o w as d irectly  
con veyed  into the storage node. A  reduced lev e l -  d ischarge table (A ppend ix  
C, Table C l)  o f  the p on d ’s outlet structure w as used  for the m odel to com pute  
catchm ent outflow s.
5.5.2 Halbeath Pond C atchm ent - Model Verification
The m odel w as verified  b y  com paring m od el predictions w ith  observed hydrographs, 
using  rainfall data recorded at site. F ive rainfall tim e series w ith  durations from  one  
to seventeen  days w ere used  for the verification  o f  pond in flow s and ou tflow s  
(A ppendix I, T able II).
A t the tim e the observations w ere recorded, an area o f  1.8 hectare at the north­
eastern lim it o f  the catchm ent w as not hydraulically  connected  and w as therefore not 
considered during m od el verification. Throughout the m onitoring period, observed  
flow s from  the catchm ent w ere very  lo w  (section  4 .3 .1 ). B esid es puddles form ing on  
the im pervious areas during rainfall, v isual ev id en ce suggested  that som e o f  the 
ru n off from  im pervious areas drained to landscaped areas in  the d evelopm en t as w e ll 
as land that w as not hydraulically connected  to the S U D S . C onsequently, the 
m odelling  required fairly large surface storage for both im perm eable and perm eable  
areas as m od el inputs, as show n in  Table 5-2  w h ich  provides details o f  a ll surface  
inputs into the m odel.
Table 5-2: Halbeath pond catchment - surface inputs for model verification
Notes: (1) for runoff from leisure park, values 
are average of all areas in runoff 
block
(2) = pond surface modelled as 
impermeable area
(3) Design storms were run with and 
without impermeable surface storage
Area (ha) Impermeable area (1)
Impermeable 
area surface 
storage (mm) 
(1.3)
Pervious area 
depression 
storage (mm) 
(1)
Block 1
Runoff from leisure park (all 
impervious surfaces) (1) 9.27 23% 2.00 21.79
Runoff from spine road 1.4 50% 1.00 8.00
Block 2
Pond surface and overland flow into 
pond (2) 1 45% 0 16.00
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For the fiv e  rain events that w ere used  for m od el verification, the m odel predicted  
in flow  vo lu m es differed b y  -7.6%  to +14.4%  and in flo w  peaks b y  -2.9%  to 24.6%  
from  the values observed (A ppendix I, Table II). This is w ith in  the W aP U G  (2 0 0 2 )  
guidance values for m od el verification (peak flo w s +25%  to -15% ; v o lu m es +20%  to  
- 10%).
The m odel predicted ou tflow  volum es d iffered b y  +0.6%  to +53.3%  and o u tflow  
peaks b y  +4.9%  to 67.1%  from  the values observed  (A ppendix I, Table I I ) . T hese  
values sh ow  that the m od el sign ificantly  over predicted pond ou tflow s for several o f  
the verification  events. U nder W aPU G  (2 0 0 2 ) requirem ents, the m odel cou ld  not b e  
considered as verified  for outflow s. H ow ever, H albeath pond lost w ater due to 
seepage, as outlined in  section  4 .3 .1 . In the m od el, this seepage cou ld  not b e  
replicated w ith  su fficien t accuracy as its degree varied w ith  the w ater lev e l in  the 
pond and m eteorological conditions. For exam ple, during January to M arch 2 0 0 2 , 
w hich  w as a relatively  w et period, w ater from  the surrounding area flo w ed  into the 
pond (see  section  4 .3 .3 ). In addition, P C SW M M  2 0 0 2  did not have a to o l w ith  
w hich  to incorporate seepage from the pond into the m od ellin g  routine in  a practical 
w ay. The pond had ou tflow  prior to the start o f  tw o  verification  events and for these  
the m odel predicted values differed o n ly  b y  +0.7%  for vo lu m e and +8.3%  for peak  
flo w  from the values observed. It is  considered  that the m od el can b e  d eem ed  as 
verified  for outflow s under conditions w here the pond had outflow s prior to the onset 
o f  a ru noff event.
The verification  for ou tflow s show ed that, due to its seepage, H albeath p on d  often  
sign ificantly  reduced catchm ent ru n off and peak flow s. The results o f  the  
verification and tw o representative verification  graphs are show n in A pp en d ix  I 
(Table II , Figures II and 12).
5.5.3 Halbeath Pond Catchm ent - G reenfield  Model
In this scenario, all im pervious surfaces and the pond w ere replaced w ith  a greenfield  
site. For m od ellin g  purposes the original catchm ents in the ru noff b lock  w ere left 
separate and their flow s w ere routed to an outfall node. O utflow s from  all n od es  
w ere then added up to obtain the total greenfield  ru n off from  the site. G radients in
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the H albeath pond catchm ent w ere lo w  (approxim ate m axim um  o f  2%, see  section
3 .2 ) and it w as lik e ly  that the catchm ent had sign ificant storage in  surface  
depressions. Therefore, a greenfield  surface storage o f  4  m m  w as assum ed.
A ppendix J contains a schem atic o f  the m od el set-up (Figure J4) and Table 5-3  
sh ow s the inputs for the greenfield  m odel.
Table 5-3: Halbeath pond catchment - surface inputs for greenfield runoff scenario
A rea  (ha)
Im p erm ea b le
area
Im p erm ea b le  
area  su rface  
sto ra g e  (m m )
P erv io u s  area  
d ep ress io n  
sto r a g e  (m m )
B lock  1A  -  Ex spine road 1.4 0% N /A 4
B lock  IB  -  E x Leisure park w est 3 .6 0% N /A 4
B lock  1C -  E x Leisure park northwest 2.2 0% N /A 4
B lock  ID  -  E x Leisure park east 1.8 0% N /A 4
B lock  IE  -  E x Leisure park south 1.97 0% N /A 4
B lock  IF  -  E x Leisure park north 1.5 0% N /A 4
B lock  1G -  E x H albeath pond and 
surrounding area
1 0% N /A 4
5.5.4 Halbeath Pond Catchm ent -  ‘Fu lly  Developed C atch m en t’ Model
The m od el layout for the fu lly  developed  catchm ent w as the ex isting  m od el, as 
described in section  5 .5 .1 , w ith  the in clusion  o f  the 1.8 hectares land that w a s  not 
considered during m odel verification (see  section  5 .5 .2). It w as assum ed that the 
entire area o f  the fu lly  developed  catchm ent w ill b e  taken up b y  a leisure park as 
proposed in the catchm ent developm ent plan. A ll design  storm s w ere run through  
tw o versions o f  the m odel, on e w ith  im perm eable surface storage and on e w ithout. 
The m od el version  w ith  zero im perm eable surface storage w as deem ed n ecessary  to  
replicate the lik e ly  scenario o f  storage fu ll prior to a 60 m inutes storm o f  rela tively  
rare occurrence. For the m odel version  w ith  zero im perm eable surface storage, 
perm eable surface storage w as reduced to 6 m m  to account for the lik e lih ood  o f  this  
storage b ein g  partly exhausted prior to the onset o f  a relatively  rare event.
The schem atic layout o f  the m odel is  show n in  A ppendix J (Figure J l) .  T h e surface 
inputs for the fu lly  developed  catchm ent are sh ow n  in Table 5-4.
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Table 5-4: Halbeath pond catchment - surface inputs for fully developed catchment
scenario
Notes:
(1) for runoff from leisure park values are 
average of all areas in runoff block
(2) = impermeable area is pond surface
(3) Design storms were run with and without 
impermeable surface storage
Area (ha) Impermeable area (1)
Impermeable 
area surface 
storage (mm) 
(1.3)
Pervious area 
depression 
storage (mm) 
(1)
Block 1 - runoff from leisure park (all 
impervious surfaces) (1) 11.07 46% 1.42 19.88
Block 1 - runoff from spine road 1.4 50% 1.00 8.00
Block 2 - pond surface and overland 
flow into pond (2) 1 45% 0 16.00
5.5.5 Halbeath Pond C atchm ent - ‘Pond R ep laced  W ith Detention  
B a s in ’ Model
In this layout, the pond w as replaced w ith  a detention basin. A ll other parts o f  the 
ex isting  netw ork w ere unchanged. O utflow  from  the basin  w as controlled  b y  a  150  
m m  orifice. T his size  w as chosen, as it is the sm allest perm itted b y  Scottish  W ater 
for this type o f  facility. The detention basin  had a surface area o f  2 ,4 5 0  m 2 (area o f  
ex isting  pond is 4 ,3 5 0  m  ) and a storage vo lu m e o f  2 ,4 0 0  m  . For reasons outlined  in  
section  5 .5 .4 , design  storms were run through tw o versions o f  the m od el on e w ith  
surface storage and one without.
A ppendix J (Figure J l)  contains a schem atic o f  the m od el set-up. Table 5 -4  sh ow s  
the surface inputs for this scenario.
5.5.6 Halbeath Pond C atchm ent -  ‘Installation O f Perm eab le  
P avem en ts’ Model
In these options, a proportion o f  the im perm eable areas w ere replaced w ith  
perm eable surfaces that had a sub base for tem porary w ater storage. The sub-bases  
w ere on e m etre deep and had a usable storage depth o f  0 .7  m etres. A t this lev e l  
(0 .7 m  from basin  bottom ) an overflow  w as installed. It w as assum ed that the sub  
bases had a v o id  space o f  30% . A ll sub-bases w ere assum ed to be lined  and h ave no  
infiltration losses. O utflow s w ere controlled  b y  orifices w h ich  had their invert at the  
bottom  o f  the sub-base. Three orifice diam eters w ere assessed: 80 m m , 9 0  m m , and 
100 m m . T hese diameters were sm aller than the m inim um  o f  150 m m  required b y  
Scottish  W ater but w ere deem ed feasib le as the risk o f  b lock age in a gravel filled  sub  
base is neglig ib le. The proportions o f  im perm eable surfaces that w ere replaced w ith
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perm eable paving ranged from  23%  to 50%  (the percentages are show n in  A ppendix  
L, Table L I) depending on  each sub-catchm ent’s location  in the drainage netw ork  
and land use. P C SW M M  2 0 0 2  can not represent rain that fa lls d irectly  on  perm eable 
pavem ents and the perm eable surface area above the sub-base w as represented as a 
100%  im perm eable surface that drains d irectly  into the sub-base.
R u n o ff from the spine road (m ain road) w as channelled to a detention  b asin  w hich  
had its ou tflow s controlled b y  a Hydrobrake. The detention basin  had a surface area 
o f  4 7 0  m 2 and a storage vo lu m e o f  312  m 3.
It w as assum ed that the average im perm eable surface storage o f  each  sub-catchm ent 
w as 0.5 m m .
For m od ellin g  purposes, all landscaped areas w ere represented b y  on e catchm ent 
w ith  100%  perm eability draining to an outfall. The routing o f  the entire greenfield  
ru n off to one outfall w as necessary to obtain a hydrograph for this land use. This 
m od el set-up does not strictly reflect a real situation, as ru n off from  landscaped  
areas, scattered over a catchm ent, is  typ ica lly  diffuse.
The perm eable surface option  w ould  be w e ll suited for the d evelopm ent in  the 
H albeath pond catchm ent as a large proportion o f  its im perm eable area is  car park.
A ppend ix J (Figure J2) contains a schem atic o f  the m odel set-up. Table 5 -5  sh ow s  
the surface inputs for the perm eable pavem ent scenarios.
Table 5-5: Halbeath pond catchment - surface inputs for permeable pavement and
detention basin scenario
Area (ha) Impermeable area (1)
Impermeable 
area surface 
storage (mm)
Pervious area 
depression 
storage (mm)
Block 1A -  All landscaped areas 5.7 0% N/A 6
Block IB -  Spine road 0.8 100% 0.5 N/A
Block 1C -  Leisure park northwest 0.7 100% 0.5 N/A
Block ID -  Leisure park west 1.3 100% 0.5 N/A
Block IE -  Leisure park south 1.5 100% 0.5 N/A
Block IF -  Leisure park east 1.3 100% 0.5 N/A
Block 1G -  Leisure park north 1.5 100% 0.5 N/A
Block 1H -  Newly gained area 0.7 100% 0.5 N/A
(1) Note: permeable paving was entered as ‘impermeable’ in the model, as the sub base o f the paving 
was assumed to be lined.
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5.5.7 Halbeath Pond Catchment -  ‘Pipe Only’ Model
For this scenario all ru n off from  the catchm ent w as con veyed  in  a con ven tion al pipe  
system  to an outfall. The pond and its surrounding landscaped area w ere not taken  
into account.
A ppendix J (Figure J3) contains a schem atic o f  the m odel set-up. Table 5 -6  sh ow s  
the surface inputs for this scenario.
Table 5-6: Halbeath pond catchment - surface inputs for conventional pipe system
scenario
Notes: (1) for runoff from leisure park values 
are average of all areas in runoff 
block
(2) Design storms were run with and 
without impermeable surface storage
Area (ha) Impermeable area (1)
Impermeable 
area surface 
storage (mm) 
(1,2)
Pervious area 
depression 
storage (mm) 
(1)
Runoff Block - runoff from leisure park 
(all impervious surfaces) (1) 11.07 46% 1.42 19.88
Runoff Block -  runoff from spine road 1.4 50% 1.00 8.00
5.5.8 Halbeath Pond C atch m en t -  D esign  Sto rm s M odelling R e su lts
R u n o ff predictions for the ex isting  catchm ent layout in its fu lly  d evelop ed  stage w ere  
com pared to predictions for greenfield  ru n off from  the site and the fiv e  alternative  
catchm ent layouts described in  sections 5 .5 .5  to 5 .5 .7 . The seven  d esign  storm s 
described in  section  5.3.1 w ere used for this analysis. The results for the ru n off  
volu m es analysis are sh ow n  in  Table 5-8 , w h ile  the results for peak  flo w  rates are 
show n in Table 5-7. The predicted ru n off hydrographs from the S U D S  scenarios for 
the 2-year and 100-year d esign  storms are show n in  Figure 5-1 and Figure 5-2  
respectively. In com parison to  the S U D S  scenarios, predicted m n o ff  rates from  the 
conventional pipe system  w ere large and these hydrographs are sh ow n  o n  a separate 
graph in A ppendix K  (Figures K2 and K 3). The predicted greenfield  ru n o ff rates for 
the seven  design  storm s are also show n in  A ppendix K  (Figure K l) .
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Table 5-7 Halbeath pond catchment comparison of drainage layouts -  runoff rates per
hectare
Drainage layouts 
(Catchment is assumed 
to be fully developed)
Peak flows (in l/s/ha) from development for design storms (storms 
have summer profile; 16 / 0.28)
Ml-60 M2-60 M5-60 M l 0-60 M3 0-60 M50-60 M100-60
Greenfield runoff at 4 
mm initial surface 
storage
0.00 0.00 3.40 9.68 26.62 37.79 57.07
Existing 1.10 1.42 1.90 2.38 3.44 4.02 4.83
Existing, no surface 
storage
1.27 1.59 2.12 2.81 4.48 12.03 32.03
Detention basin 4.44 4.70 5.00 5.23 5.31 5.42 5.60
Detention basin, no 
surface storage
4.57 4.81 5.10 5.28 5.74 5.67 5.91
Permeable pavement, 80 
mm orifice outlet
1.90 2.12 2.37 2.72 3.19 3.54 4.27
Permeable pavement, 90 
mm orifice outlet
2.15 2.35 2.73 3.03 3.61 4.04 4.63
Permeable pavement, 
100 mm orifice outlet
2.53 2.87 3.27 3.70 4.47 4.93 5.70
Conventional pipe 
system 33.53 43.51 54.51 64.71 82.92 91.47 104.01
Conventional pipe 
system, no surface 
storage
37.31 44.94 55.48 64.42 85.10 91.99 103.14
The results h ighlight the significant peak ru n off attenuation capabilities o f  S U D S  
w hen  com pared to conventional p ipe system s (T able 5-7). Peak ou tflow s from  the  
pipe system  w ere predicted to be b etw een  3 .2  to 3 0 .6  tim es larger than S U D S  
outflow s. W ith the exception  o f  the detention basin  scenario, p ipe system  ou tflow  
peaks for storm s w ith  return periods o f  up to 30-years w ere at least 13 tim es larger 
than the predicted S U D S  outflow s. Com pared to the detention basin  scenario, 
predicted p ipe system  ou tflow  peaks w ere 4 .6  tim es larger for the 1-year d esign  
storm and increased to 5 .9  tim es for the 100-year d esign  storm. T hese results 
indicate that the erosive forces o f  urban surface ru noff on  w atercourses can b e  
sign ificantly  m itigated b y  SU D S.
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Table 5-8: Halbeath pond catchment comparison of drainage layouts -  total runoff
volumes per hectare
Drainage layouts 
(Catchment is assumed to 
be fully developed)
Per hectare flow volumes (in m3) from development for design 
storms (storms have summer profile; 16 / 0.28)
M l-60 M2-60 M5-60 M10-60 M30-60 M50-60 M100-60
Greenfield runoff at 4 mm 
initial surface storage 0.00 0.00 7.75 25.96 70.46 96.90 138.90
Existing
51.18 63.31 79.90 94.59 123.58 137.57 160.05
Existing, no surface 
storage
57.49 69.54 86.39 105.90 151.75 174.40 207.92
Detention basin 56.53 68.67 85.23 99.89 128.74 142.57 164.94
Detention basin, no 
surface storage
62.93 74.93 91.78 111.06 156.85 179.66 212.45
Permeable pavement, 80 
mm orifice outlet
52.22 64.95 81.81 98.03 129.23 147.48 177.24
Permeable pavement, 90 
mm orifice outlet
52.22 64.98 81.84 98.05 129.26 147.51 177.27
Permeable pavement, 100 
mm orifice outlet
52.25 65.00 81.87 98.08 129.29 147.54 177.30
Conventional pipe system 56.83 68.79 85.26 99.90 128.90 142.59 165.22
Conventional pipe system, 
no surface storage
62.93 75.19 91.84 111.43 156.90 179.74 212.54
The S U D S assessed  w ere assum ed to have no infiltration and all o f  the scenarios  
assessed  should have the sam e m n o ff  vo lu m es, w h ich  w as not predicted to  be the 
case (Table 5-8). The differences in  ru n off v o lu m es w ere due to flo w  routing tim es  
and durations o f  sim ulation  tim es. A ll design  storm s sim ulations had durations o f  30  
hours and outflow  w as still predicted for som e o f  the S U D S  b y  the end o f  that tim e  
(Figure 5-1 and Figure 5 -2 ). The predicted ou tflow  vo lu m es for the scenarios  
assessed  converged w ith  longer sim ulation tim es, but even  after a sim ulation  tim e o f  
3 days som e ou tflow  w as still predicted for the ex istin g  and the perm eable pavem ent 
S U D S  layout.
B ecau se the m odel predicted zero greenfield  runoff, the m od el predictions indicated  
that the ex isting  S U D S  in  the Halbeath catchm ent and the alternatives a ssessed  w ill  
not achieve the aim  o f  reducing the peak ou tflow  to  the 2-year greenfield  ru n off rate. 
H ow ever, w hen  com pared to the 2-year greenfield  ru n off rates calculated w ith  the IH  
124 m ethod all o f  the assessed  S U D S , except the detention  basin  scenario, ach ieved  a 
peak flow  reduction better than greenfield  runoff. The greenfield  ru n off calculated
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with the IH 124 method was 3.65 1/s/ha (section 4.3.6 and Appendix F). The large 
divergence in predicted greenfield runoff rates between the two methods underline 
the hypothesis in section 4.3.6 that site observations for estimating greenfield runoff 
are required prior to SUDS design to arrive at the appropriate values.
Peak flow rate comparison of existing SUDS with alternative scenarios 
(DS M 2-60,16/0.28, Summer)
--------FDS (existing scenario) ------- FDS (no surface storage) -------Det basin
—  — Det basin (no surface storage) 
Perv pave 100 mm orifice
------- Perv pave 80 mm orifice —•—  Perv pave 90 mm orifice
Figure 5-1: Halbeath pond catchment - com parison of drainage layouts -flow  rates for 
1 hour design storm with 2-year return period
Peak flow rate comparison of existing SUDS with alternative scenarios (DS M100-
60,16/0.28, Summer)
00:00____________04:48____________09:36____________ 14:24___________ 19:12____________ 00:00____________ 04:48
------- FDS (existing scenario) ------- FDS (no surface storage) -------Det basin
—  —Det basin (no surface storage) 
-■ Perv pave 100 mm orifice
—  — Perv pave 80 mm orifice ——  Perv pave 90 mm orifice
Figure 5-2: Halbeath pond catchment - com parison of drainage layouts -flow  rates for 
1 hour design storm with 100-year return period
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5.5.9 Halbeath Pond Catchment -  Time Series Modelling Results
Several time series were modelled using the five SUDS layouts to compare and 
analyse the predicted outflow volumes and outflow rates under real rainfall 
conditions. Results from using two of these time series are shown in this section. 
Table 5-9 shows the results for a two weeks period in December 2000 and the 
predicted outflow rates for this period are shown in Figure 5-3. Table 5-10 shows 
the results for a two weeks period in February 2001 and the predicted outflow rates 
are shown in Figure 5-4.
Table 5-9: Halbeath pond catchment - predicted runoff volum es and peak flows from 
different SU D S  layouts for a rainfall time series in December 2000
Total rainfall: 44 mm
Scenario
Runoff
(m3/ha)
Peak flow rate 
(l/s/ha)
Existing system fully developed 85 2.1
Detention basin 94 3.9
Pervious Pavement with outflow orifice of 80 mm diameter 95 2.5
Pervious Pavement with outflow orifice of 90 mm diameter 95 2.8
Pervious Pavement with outflow orifice of 100 mm diameter 95 3.3
Comparison of predicted outflow rates from existing SUDS with alternative
scenarios (Dec 2000)
05/12/00 06/12/00 07/12/00 08/12/00 09/12/00 10/12/00 11/12/00
------- FDS (existing scenario) -------Det basin —  —Perv pave 80 mm orifice
—*—  Perv pave 90 mm orifice Perv pave 100 mm orifice .........Rain
Figure 5-3: Halbeath pond catchment - predicted outflow rates from tested S U D S  
layouts for a rainfall time series in December 2000
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Table 5-10: Halbeath pond catchment - predicted runoff volum es from different SU D S  
layouts for a rainfall time series in February 2001
Total rainfall: 73.6 mm
Scenario
Runoff
(m3/ha)
Peak flow rate 
(l/s/ha)
Existing system fully developed 179 2.8
Detention basin 189 4.1
Pervious Pavement with outflow orifice of 80 mm diameter 191 3.1
Pervious Pavement with outflow orifice of 90 mm diameter 191 3.4
Pervious Pavement with outflow orifice of 100 mm diameter 191 3.8
Comparison of predicted outflow rates from existing SUDS with alternative 
scenarios (Feb 2001)
-------FDS (existing scenario) ------ Det basin — — Peiv pave 80 mm orifice
—•— Perv pave 90 mm orifice Perv pave 100 mm orifice Rain
Figure 5-4: Halbeath pond catchment - predicted outflow rates from tested SU D S  
layouts for a rainfall time series in February 2001
The results show that the existing SUDS layout performs best for the small rain 
storms (Figure 5-3 and Figure 5-4). The hydrographs also show that one o f the 
alternatives, a detention basin that has a 150 mm pipe as an outlet restriction, would 
not provide any significant flow attenuation for the majority of runoff events (Figure
5-3 and Figure 5-4). Substituting the current pond with permeable pavements for 
runoff from the leisure park and a detention basin for road runoff would provide 
better flow attenuation than the ‘detention basin only’ layout. Flowever, this layout 
was also predicted to perform significantly poorer for the majority of runoff events 
than the current layout (Table 5-9, Table 5-10, Figure 5-3 and Figure 5-4). This was 
mainly caused by the different outflow structures, with the permeable pavement 
basins having relatively large outflow pipes compared to the existing outflow
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structure at Halbeath pond. The outflow pipes of the permeable pavement sub-bases 
had areas of 50.2, 63.6 and 78.5 cm2 (80, 90 and 100 mm diameter) and the 
catchments draining through them measured between 0.7 and 1.5 hectare. These 
dimensions translated into outflow areas of between 33.5 and 71.7 cm2/ha for the 
permeable pavements with 80 mm orifice diameter and 52.3 to 112.1 cm2/ha for the 
100 mm orifice diameter. In contrast, the combined outflow area of the first row of 
Halbeath pond’s outlet structure was 96.7 cm2 (9 holes with 37 mm diameter). 13.5 
hectare drained through this structure, translating into an outflow area of 7.2 cm2/ha. 
In view of these results it is obvious that Halbeath pond will attenuate peak flows of 
small runoff events much better than the type of permeable pavement structures it 
was compared with. The results suggest that for utilising the full flow attenuation 
potential of detention basins and permeable pavements Scottish Water’s policy on 
requiring a minimum outlet diameter of 150 mm for attenuation structures should be 
revisited.
The results for runoff volumes show that most runoff is predicted from the SUDS 
with permeable pavements (Table 5-9 and Table 5-10). This is mainly due to runoff 
routing times. Figure 5-3 and Figure 5-4 show that runoff from the detention basin 
and the permeable pavements had completely passed through the system by the time 
the modelling routine ended, whereas outflow was still predicted to occur for the 
existing SUDS. The slight volume differences between the detention basin and 
permeable pavement layouts are due to modelling resolution, caused by the 
modelling time step. The detention basin scenario had hydrographs with pronounced 
peaks and these are less accurately predicted than hydrographs with smoother peaks. 
The error increases with the modelling time step and can be kept to a minimum when 
the shortest time step (one second for PCSWMM) is chosen. However, trade offs 
between model accuracy and running times had to be made when time series were 
assessed and the modelling time step chosen was 6 seconds. In view of these results 
it can be concluded that design storms are better suited than time series when the 
potential runoff volume reduction of SUDS should be compared.
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5.5.10 Halbeath Pond Catchment -  SUDS Runoff Attenuation Efficiency
The results presented in section 5.5.8 were used to calculate the flow attenuation 
efficiency of each SUDS scenario. Flow attenuation efficiency was calculated for 
both, runoff volumes and peak flows, with the equations and methodology outlined 
in section 5.2. Table 5-12 shows the results for total runoff volumes and Table 5-11 
shows the results for peak flows.
Table 5-11: Halbeath pond catchment - SUDS efficiencies in controlling peak flows
Note: benchmark = conventional 
pipe system
„  Q b e n c h m a r k  Q s U D
SUDS efficiency for peak flows
n Q ~  Q
b e n c h m a rk Ml-60 M2-60 M5-60 M l 0-60 M30-60 M50-60 M100-60
Existing 0.97 0.97 0.97 0.96 0.96 0.96 0.95
Existing, no surface storage
0.97 0.97 0.96 0.96 0.95 0.88 0.72
Detention basin 0.87 0.89 0.91 0.92 0.94 0.94 0.95
Detention basin, no surface 
storage
0.88 0.90 0.91 0.92 0.93 0.94 0.95
Permeable pavement, 80 mm 
orifice outlet
0.95 0.95 0.96 0.96 0.96 0.96 0.96
Permeable pavement, 90 mm 
orifice outlet
0.94 0.95 0.95 0.95 0.96 0.96 0.96
Permeable pavement, 100 mm 
orifice outlet
0.93 0.94 0.94 0.94 0.95 0.95 0.95
In terms of peak flow attenuation efficiency the model predicted the existing layout 
to perform best for all storms. When the existing layout was assumed to have no 
storage on its impermeable surfaces it was predicted to perform best for storm return 
periods of up to 5 years. For this scenario, peak flow attenuation was predicted to 
drop significantly for the 50- and 100-year design storms (Table 5-11 and Figure 5-2) 
as water levels reached the pond’s 50-year overflow level. For the scenarios 
assessed, the model predicted that the permeable pavement layouts with 80 and 
90mm outlet diameters perform best of all during storms with return periods of more 
than 30-years (Table 5-11, Figure 5-2, and Appendix K, Figure K4). For the smaller 
storms, the detention basin scenario was predicted to perform significantly worse 
than its alternatives. However, its efficiency increased with the larger storms (Table
5-11, Figure 5-1, Figure 5-2, and Appendix K, Figure K4).
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Table 5-12: Halbeath pond catchment - SUDS efficiencies in controlling runoff
volumes
Note: benchmark = conventional 
pipe system
V Vv b e n c h m a rk  y  S U D
^  “  V
b en c h m a rk
SUDS efficiency for runoff volumes
Ml-60 M2-60 M5-60 M l 0-60 M30-60 M50-60 M100-60
Existing 0.10 0.08 0.06 0.05 0.04 0.04 0.03
Existing, no surface storage 0.09 0.08 0.06 0.05 0.03 0.03 0.02
Detention basin 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Detention basin, no surface 
storage 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Permeable pavement, 80 mm 
orifice outlet 0.16 0.12 0.10 0.12 0.17 0.17 0.16
Permeable pavement, 90 mm 
orifice outlet 0.16 0.12 0.10 0.12 0.17 0.17 0.16
Permeable pavement, 100 mm 
orifice outlet 0.16 0.12 0.09 0.12 0.17 0.17 0.16
None of the SUDS assessed incorporated any infiltration and all efficiencies for 
volume attenuation should be zero. However, zero efficiency values were only 
found to occur with the ‘detention basin only’ scenario. This was due to model 
routing times, as outlined in section 5.5.8. These and the results shown in section
5.5.8 indicate that, although the facilities assessed did not achieve any volume 
reduction, they delayed the runoff by such a large factor that effectively some 
element of flood protection would be provided to the receiving water. Permeable 
pavements were predicted to perform particularly well in delaying runoff when 
design storms were used for assessment. However, as outlined in section 5.5.9, the 
existing SUDS layout (with pond) was predicted to achieve the greatest runoff delay 
during measured rainfall events that had rain depths and intensities that were 
significantly lower than the 1-year event (Figure 5-3 and Figure 5-4).
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5.6 Modelling Of The Linburn Pond Catchment
5.6.1 Linburn Pond Catchment - Existing Drainage Network
A model schematic is shown in Appendix J (Figure J5).
The existing drainage network in the Linbum pond catchment was modelled as 
follows:
1. The catchment was divided into sub catchments that were accommodated in 
two runoff blocks (Table 5-13 and Appendix J, Figure J5). With the exception 
of the residential area to the north of Linbum pond, runoff block one included 
all sub catchments and three dummy catchments. One of the dummy 
catchments was needed to accommodate the base flow at inlet east. The two 
remaining dummy catchments were needed to accommodate rainfall and 
groundwater infiltration into the pond. Runoff from the dummy catchments 
representing groundwater flows at inlet east was routed through an open 
channel of 1 km to replicate the slow response times of infiltration at this inlet 
to rain events. The catchment representing groundwater (and interflow) 
infiltration into the pond was modelled as a 400 m wide catchment draining 
directly into the pond. Runoff block two included the residential area to the 
north of Linbum pond and was required as flows from there were controlled by 
a throttle pipe (sections 3.3 and 4.3.2). This throttle pipe caused backwater 
conditions which PCSWMM 2002 can only model in Extran whereas the rest of 
the conveyance system was better simulated using the Transport module. All 
catchments discharged to the storage node that represented Linbum pond.
2. Runoff from the sub-catchments in block one was conveyed in pipe systems 
and several sub-catchments were routed through detention basins. Open 
channel conveyance was used for routing flows from the dummy catchments to 
the pond.
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5.6.2 Linburn Pond Catchment - Model Verification
The model for the Linbum pond catchment was verified for the outlet of detention 
basin D/M, four pond inlets (E, NE, N1A and NIB) and the pond outlet. Rainfall 
data from Duloch Park were used for model verification and the events are listed in 
Appendix I (Table 12). All events used for verification occurred between 01 April 
and 01 July 2002, which was the only period during which flows were monitored at 
the pond inlets. It was also the period best suited for model verification as it 
represented the stage of catchment development at the end of data collection.
Table 5-13 shows the surface inputs into the model.
Table 5-13: Linburn pond catchment - surface inputs for model verification
Area (ha) Impermeablearea
Impermeable 
area surface 
storage (mm)
Pervious area 
depression 
storage (mm)
Block 1
Inlet E - agricultural land 11 0% N/A 0.8
Inlet E- dummy catchments for base 
flows 23 100% 0.8 N/A
Inlet NE - leisure park 7 9 % 1.10 7.00
Inlet NE - road drainage 4 60% 0.97 5
Inlet NE - agricultural land runoff and 
small impermeable areas
31 9% 1.1 3
Inlet NIB - road drainage 1.2 95% 0.1 7
Pond surface 1.05 100% 0 N/A
Pond dummy catchment for 
groundwater
4.5 100% 0.4 N/A
Block 2
Inlet N1A - Residential areas draining 
via detention basin (basin fills when 
flow exceeds throttle rate)
12.5 34% 1.84 5
Inlet N1A - Road draining directly to 
inlet N1A
0.3 95% 0.1 7
For the rain events that were used for model verification, the model predicted total 
flow volumes at all locations within the WaPUG (2002) guidance range of +20% and 
-10% (Appendix I, Table 12). The verification results showed that the model had a 
tendency to under estimate pond outflow volumes and flow volumes at inlet east, 
while it tended to over estimate flow volumes at the three remaining pond inlets.
The verification results for flow volumes at detention basin D/M showed no clear 
error trend. Flow volumes at this location were twice under and twice over
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estimated, while one runoff event was accurately predicted. Peak flows were 
generally predicted within the WaPUG (2002) guidance values of +25% and -15% 
(Appendix I, Table 12). During one verification event, peak flows at inlet east were 
under estimated by 27.5%, but the rainfall pattern for this hydrograph suggests that 
the observed peak is erroneous (Appendix I, Table 12).
A table with verification results and representative graphs for each location are 
provided in Appendix I (Table 12, Figures 13 to 17).
5.6.3 Linburn Pond Catchment - Greenfield Runoff
In this scenario the whole catchment was assumed to be a greenfield site. During 
conversations with local residents it was learned that the area of Linbum pond was a 
bog prior to pond construction. Consequently, it was assumed that the suspected 
groundwater flow into Linbum pond fed the bog on the greenfield site. It was also 
assumed that the permanent flow at pond inlet east was present during greenfield 
conditions. These flows were included in the greenfield model. For modelling 
purposes the original catchments in the mnoff block were left separate and their 
flows were routed to an outfall node. Outflows from all nodes were then added up to 
obtain the total greenfield mnoff from the site. The catchment had gradients up to 
approximately 10% (see section 3.3), but it also included several depressions where 
rain water was likely to pond and a greenfield surface storage of 4 mm was assumed.
Appendix J (Figure J9) shows a schematic of the model set-up. Table 5-14 shows 
the inputs for the greenfield model.
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Table 5-14: Linburn pond catchment - surface inputs for greenfield runoff scenario
Area
(ha)
Impermeable
area
Impermeable 
area surface 
storage (mm)
Pervious area 
depression 
storage (mm)
Block 1: Ex residential areas to inlet E 11 0% N/A 4
Block 2: Dummy catchments for base flows 
into catchment (previously to inlet E) 23 0% N/A 4
Block 3: Ex leisure park areas to inlet NE 7 0% N/A 4
Block 4: Ex road drainage to inlet NE 4 0% N/A 4
Block 5: Ex residential areas to inlet NE 31 0% N/A 4
Block 6: Ex road drainage to inlet NIB 1.2 0% N/A 4
Block 7: Ex residential areas to inlet N1A 12.5 0% N/A 4
Block 8: Ex road drainage to inlet N1A 0.3 0% N/A 4
Block 9: Pond area was previously bog and 
was therefore assumed impermeable 1.05 100% 0 N/A
Block 10: Groundwater fed previous bog at 
pond location and the dummy catchment for 
groundwater ingress to the site was therefore 
kept
4.5 100% 0.4 N/A
5.6.4 Linburn Pond Catchment -  ‘Fully Developed Catchment’ Model
The model layout for the fully developed catchment was as described in section
5.6.1. It was assumed that the fully built-up catchment represents a mixed 
development, as proposed in the catchment development plan. As was the case for 
Halbeath pond, all design storms were run through two versions of the model, one 
with impermeable surface storage and one without, to reflect the likely scenario of 
filled surface storage prior to a 60 minutes storm of relatively rare occurrence. 
Model set-ups that had no impermeable storage also had the storage for permeable 
surfaces reduced by 1 to 2 mm, depending in land use and location (see Appendix L, 
Table L2, for details).
The schematic layout of the model is shown in Appendix J (Figure J5). The surface 
inputs for the fully developed catchment are shown in Table 5-15.
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Table 5-15: Linburn pond catchment - surface inputs for fully developed catchment
scenario
Area (ha) Impermeablearea
Impermeable 
area surface 
storage (mm)
Pervious area 
depression 
storage (mm)
Block 1
Inlet E -  residential areas 11 45% 0.6 1
Inlet E- dummy catchments for base 
flows
23 100% 0.8 N/A
Inlet NE - leisure park 7 85% 0.76 7.00
Inlet NE - road drainage 4 60% 0.97 3
Inlet NE -  residential areas
31 64% 0.6 3
Inlet NIB -  road drainage 1.2 95% 0.1 4
Pond surface 1.05 100% 0 N/A
Pond dummy catchment for 
groundwater
4.5 100% 0.4 N/A
Block 2
Inlet N1A - Residential areas draining 
via detention basin (basin fills when 
flow exceeds throttle rate)
12.5 44.8% 1.84 5
Inlet N1A - Road draining directly to 
inlet N1A
0.3 95% 0.1 7
5.6.5 Linburn Pond Catchment -  ‘Pond Only’ Models
In these layouts all detention basins were removed from the network and all surface 
runoff was directed into Linbum pond via a conventional pipe system. For the first 
alternative, Linbum pond had the same outlet stmcture and pond volume as existing. 
For the second alternative, the same outlet stmcture as existing was used but the 
pond’s attenuation volume for the 100-year event was increased by 9,500 m3. For 
reasons outlined in section 5.6.4, design storms were mn through two versions of the 
models one with surface storage and one without.
Appendix J (Figure J6) contains a schematic of the model set-up and Table 5-16 
shows the surface inputs for this scenario.
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Table 5-16: Linburn pond catchment - surface inputs for pond only scenario
Area (ha) Impermeablearea
Impermeable 
area surface 
storage (mm)
Pervious area 
depression 
storage (mm)
Block 1
Inlet E -  residential areas 11 45% 0.6 1
Inlet E- dummy catchments for base 
flows
23 100% 0.8 N/A
Inlet NE -  leisure park 7 85% 0.76 7.00
Inlet NE - road drainage 4 60% 0.97 5
Inlet NE -  residential areas
31 64% 0.6 3
Inlet NIB - road drainage 1.2 95% 0.1 7
Pond surface 1.05 100% 0 N/A
Pond dummy catchment for 
groundwater
4.5 100% 0.4 N/A
Inlet N1A - Residential areas 12.5 44.8% 1.84 5
Inlet N1A -R oad 0.3 95% 0.1 7
5.6.6 Linburn Pond Catchment -  ‘Installation Of Permeable Pavements’ 
Model
In these options, the detention basin that in the original layout attenuates runoff from 
the leisure park was removed and a proportion of impermeable surfaces in the leisure 
park was replaced with permeable paving that had a sub base for temporary water 
storage. The properties of these sub-bases were assumed to be the same as described 
for the Halbeath pond catchment, in section 5.5.6. The representation of the 
permeable paving in the model is also described in section 5.5.6. The proportions of 
impermeable surfaces replaced with permeable paving ranged from 30% to 40% (the 
percentages are shown in Appendix L, Table L3) and were dependent on each sub­
catchment’s location in the drainage network and land use.
The SUDS for road drainage and the residential area to the north of Linbum pond 
were kept as in the original layout. For modelling purposes, all landscaped areas in 
the leisure park were represented by one catchment with 100 percent permeability. 
This catchment was routed directly to the model outfall. No surface storage was 
assigned to impermeable areas in the leisure park.
The scenario where the detention basin that takes runoff from the Leisure Park was 
replaced with permeable paving is a viable and efficient alternative to the existing 
SUDS layout, as a large proportion of the leisure park area is used for car park.
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Appendix J (Figure J7) contains a schematic of the model set-up. Table 5-17 shows 
the surface inputs for the permeable pavement scenarios.
Table 5-17: Linburn pond catchment - surface inputs for scenario with permeable 
pavements, detention basins and pond
Area (ha) Impermeablearea
Impermeable 
area surface 
storage (mm)
Permeable area 
depression 
storage (mm)
Block 1
Inlet E -  residential areas 11 45% 0 1
Inlet E- dummy catchments for base 
flows
23 100% 0.8 N/A
Inlet NE - leisure park 7 85% 0 5.00
Inlet NE - road drainage 4 60% 0 3
Inlet NE -  residential areas
31 64% 0 1
Inlet NIB - road drainage 1.2 95% 0 5
Pond surface 1.05 100% 0 N/A
Pond dummy catchment for 
groundwater
4.5 100% 0.4 N/A
Block 2
Inlet N1A - Residential areas draining 
via detention basin (basin fills when 
flow exceeds throttle rate)
12.5 45% 0 3
Inlet N1A - Road draining directly to 
inlet N1A
0.3 95% 0 5
5.6.7 Linburn Pond Catchment -  ‘Pipe Only’ Model
For this scenario all runoff from the catchment was conveyed in a conventional pipe 
system to an outfall. It was assumed that runoff from permeable areas enters the 
drainage system at some point and they were therefore included in this model. Prior 
to its installation, the area of Linbum pond was reportedly a bog and its estimated 
groundwater infiltration was included into the model as it was assumed that it needs 
to be drained from the site.
Appendix J (Figure J8) contains a schematic of the model set-up. Table 5-18 shows 
the surface inputs for this scenario.
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Table 5-18: Linburn pond catchment - surface inputs for pipe only scenario
Area (ha) Impermeablearea
Impermeable 
area surface 
storage (mm)
Pervious area 
depression 
storage (mm)
Block 1
Residential areas (previously to inlet E) 11 45% 0.6 1
Dummy catchments for base flows into 
catchment (previously to inlet E)
23 100% 0.8 N/A
Leisure park (previously to inlet NE) 7 85% 0.76 7.00
Road drainage (previously to inlet NE) 4 60% 0.97 5
Residential areas (previously to inlet 
NE)
31 64% 0.6 3
Road drainage (previously to inlet 
NIB) 1.2 95% 0.1 7
Residential areas (previously to inlet 
N1A) 12.5 44.8% 1.84 5
Road drainage (previously to inlet 
N1A) 0.3 95% 0.1 7
Residential area (previously pond 
surface)
1.05 65% 0.6 3
Dummy catchment for groundwater 
(needs to be drained, as area of pond 
was previously a bog)
4.5 100% 0.4 N/A
5.6.8 Linburn Pond Catchment -  Design Storm Modelling Results
Runoff predictions for the existing catchment layout in its fully developed stage were 
compared to predictions for greenfield runoff from the site and the five alternative 
catchment layouts described in sections 5.6.5 to 5.6.7. The seven design storms 
described in section 5.3.1 were used as for this analysis.
The results for the runoff volumes analysis are shown in Table 5-20, while the results 
for peak flow rates are shown in Table 5-19. The predicted runoff hydrographs from 
the SUDS scenarios for the 2-year and 100-year design storms are shown in Figure
5-5 and Figure 5-6 respectively. In comparison to the SUDS scenarios, predicted 
runoff rates from the conventional pipe system were large and these hydrographs are 
shown on a separate graph in Appendix K (Figure K6). The predicted greenfield 
runoff rates for the seven design storms are also shown in Appendix K (Figure K5).
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Table 5-19: Linburn pond catchment - comparison of drainage layouts -runoff rates
per hectare
Drainage layouts (Catchment 
is assumed to be fully 
developed)
Peak flows (in l/s/ha) from development for design storms 
(storms have summer profile; 16 / 0.28)
Ml-60 M2-60 M5-60 M10-60 M30-60 M50-60 M l 00-60
Greenfield runoff at 4 mm 
initial surface storage 0.00 0.00 3.40 9.68 26.62 37.79 57.07
Existing 3.77 7.36 15.28 19.63 33.92 41.59 53.95
Existing, no impermeable 
surface storage
4.21 8.10 16.44 23.26 35.62 43.50 56.24
Existing pond only 7.31 15.52 25.18 32.91 49.81 58.69 58.78
Existing pond only, no 
impermeable surface storage
8.47 17.43 26.62 34.43 51.92 58.78 58.78
Larger pond only 1.35 3.16 8.25 18.57 28.16 33.82 43.25
Larger pond only, no 
impermeable surface storage
1.57 3.71 10.05 19.94 29.30 35.10 45.20
Permeable pavement, 80 mm 
orifice outlet
3.83 7.52 15.62 22.61 35.02 42.85 55.67
Permeable pavement, 90 mm 
orifice outlet
3.86 7.50 15.66 22.59 34.87 42.91 55.68
Permeable pavement, 100 
mm orifice outlet
3.89 7.63 15.82 22.72 35.21 42.90 55.70
Conventional pipe system 46.96 53.38 69.75 89.87 116.06 129.3 146.78
Conventional pipe system, no 
impermeable surface storage
47.03 59.77 80.01 95.21 116.14 131.49 147.65
The results showed that the SUDS investigated significantly attenuated peak flows 
compared to conventional pipe systems (Table 5-19). Peak flows from the pipe 
system were predicted to be between 2.2 to 34.8 times larger than SUDS outflows. 
Pipe system outflow peaks for storms with a 1-year return period were predicted to 
be at least 11 times larger than SUDS outflows. An exception to this was the 
scenario where only a pond with the same dimensions as the one installed in the 
Linbum pond catchment was used for flow attenuation. For this scenario, the 
predicted peak outflow attenuation was only reduced by a factor of 6.4 for the 1-year 
storm and was down to a factor of 2.2 for the 50-year storm. As with the Halbeath 
pond catchment, the results indicate that SUDS can significantly mitigate the erosive 
forces of urban surface runoff on watercourses. The results also indicate that a 
SUDS layout that has all detention basins removed and only relies on a pond with the 
same volume as the one that is currently installed bears the risk of the system being 
hydraulically overloaded. The risk of this system being hydraulically overloaded 
was found to be particularly great for the 100-year return period storm. Pond 
outflow rates during this event were predicted to exceed the maximum pass forward 
rate of the outflow structure. This would result in the hydrograph being peak shaved
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(Figure 5-6) and as a consequence volume that can not pass through the outflow 
structure requires either additional storage or will overtop the pond’s embankments.
The model predicted flooding at several manholes during the 50- and 100-year rain 
events, implying that the pipe network restricts pass forward flows into the pond and 
therefore having an impact on the peak flow rate. The transport module of 
PCSWMM 2002 cannot model flooding situations and circumnavigates the problem 
by increasing the pipe sizes to a diameter that is sufficient to allow all flow to pass. 
This led to a distortion of results for the predicted 50- and 100-year peak outflows 
from the two ‘pond only’ and the ‘pipes only’ scenarios.
Table 5-20: Linburn pond catchment - comparison of drainage layouts -  total runoff
volumes per hectare
Drainage layouts (Catchment 
is assumed to be fully 
developed)
Per hectare flow 
storms i
volumes (in m3) from development fc 
storms have summer profile; 16 / 0.28
r design
M l-60 M2-60 M5-60 M l 0-60 M30-60 M50-60 M100-60
Greenfield runoff at 4 mm 
initial surface storage 0.00 0.00 7.75 25.96 70.46 96.90 138.90
Existing 96.08 117.17 144.64 167.37 207.22 226.68 257.86
Existing, no impermeable 
surface storage 100.38 121.42 149.02 171.71 212.13 231.95 264.58
Existing pond only 100.38 124.03 155.71 180.88 228.17 253.14 292.61
Existing pond only, no 
impermeable surface storage 104.69 128.28 159.97 185.22 232.87 257.93 300.04
Larger pond only 91.34 114.54 145.73 170.89 217.94 243.05 282.68
Larger pond only, no 
impermeable surface storage 95.63 118.82 150.08 175.13 222.37 247.78 289.57
Permeable pavement, 80 mm 
orifice outlet 102.21 123.76 151.60 173.49 214.69 233.37 264.61
Permeable pavement, 90 mm 
orifice outlet 102.90 124.10 151.92 173.77 215.25 233.83 267.09
Permeable pavement, 100 
mm orifice outlet 103.26 124.72 152.89 174.19 216.21 235.65 267.50
Conventional pipe system 101.10 124.72 157.50 183.80 228.23 259.50 292.82
Conventional pipe system, no 
impermeable surface storage 104.72 128.39 161.93 187.68 232.98 264.17 300.18
The SUDS assessed were assumed to provide no infiltration and all of the assessed 
scenarios should have the same runoff volumes. This was not the case for the same 
reasons outlined for the Halbeath pond catchment in section 5.5.8.
As with the Halbeath pond catchment, the model predictions indicated that the 
existing SUDS in the Linbum pond catchment and the alternatives assessed will not 
achieve the aim of reducing the peak outflow to the 2-year greenfield runoff rate, as 
the model predicted zero greenfield runoff. With the exception of the Targe pond 
only’ scenario, all of the SUDS assessed also failed in achieving the 2-year
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greenfield runoff rate calculated with the IH 124 method of 3.65 1/s/ha (section 4.3.6 
and Appendix F). These findings for greenfield runoff were significantly different to 
those for the Halbeath pond catchment (see section 5.5.8) and, again, underline the 
hypothesis in section 4.3.6 that site observations need to be undertaken for arriving at 
appropriate values.
Peak flow rate comparison of existing SUDS with alternative scenarios 
(DS M 2-60,16/0.28, Summer)
FDS (existing scenario) --------FDS (no surface storage) -------Pond only
—  —Pond only (no surface storage) --------Perv pave 80 mm orifice Perv pave 90 mm orifice
- Perv pave 100 mm orifice Larger pond only - Larger pond only (no surface storage)
F ig u re  5 -5 : L in b u rn  p o n d  c a tc h m e n t - c o m p a r is o n  o f  d ra in a g e  la y o u ts  - f lo w  ra te s  fo r  
o n e  h o u r  d e s ig n  s to rm s  w ith  2 -y e a r  re tu rn  p e r io d
Peak flow rate comparison of existing SUDS with alternative scenarios (DS M100
60,16/0.28, Summer)
------- FDS (existing scenario) -------FDS (no surface storage) -------Pond only
—  —Pond only (no surface storage) ------- Perv pave 80 mm orifice —•—  Perv pave 90 mm orifice
1 —Perv pave 100 mm orifice Larger pond only Larger pond only (no surface storage)
F ig u re  5 -6 : L in b u rn  p o n d  c a tc h m e n t - c o m p a r is o n  o f  d ra in a g e  la y o u ts  - f lo w  ra te s  fo r  
o n e  h o u r d e s ig n  s to rm s  w ith  1 0 0 -y e a r  re tu rn  p e rio d
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Two time series, shown in Figure 5-7 and Figure 5-8, were applied to the five SUDS 
layouts to compare and analyse the predicted outflow volumes and outflow rates 
under real rainfall conditions. Table 5-21 shows the results for an 8-days period in 
March 2002 and the predicted outflow rates for this period are shown in Figure 5-7. 
Table 5-22 shows the results for a 2-days period in June 2002 and the predicted 
outflow rates are shown in Figure 5-8.
5.6.9 Linburn Pond Catchment -  Time Series Modelling Results
T a b le  5 -2 1 : L in b u rn  p o n d  c a tc h m e n t - p re d ic te d  ru n o f f  v o lu m e s  a n d  p e a k  f lo w s  fro m  
S U D S  la y o u ts  te s te d  fo r  a ra in fa ll t im e  s e r ie s  c o v e r in g  0 5  - 1 2  M a rc h  2 0 0 2
T o ta l ra in fa ll:  2 4 .4  m m
S c e n a r io
R u n o ff
(m 3/h a )
P e a k  f lo w  ra te  
( l /s /h a )
E x is tin g  s y s te m  fu lly  d e v e lo p e d 103 3.0
E x is tin g  p o n d  o n ly 178 6.1
L a rg e r  p o n d  o n ly 170 3.1
P e rv io u s  P a v e m e n t w ith  o u tf lo w  o r if ic e  o f  8 0  m m  d ia m e te r 195 4.7
P e rv io u s  P a v e m e n t w ith  o u tf lo w  o r if ic e  o f  90  m m  d ia m e te r 195 4.7
P e rv io u s  P a v e m e n t w ith  o u tf lo w  o r if ic e  o f  1 0 0  m m  d ia m e te r 195 4.9
Peak outflow rate comparison of existing SUDS with alternative scenarios
(Mar 2002)
------- Existing layout fully developed -------Existing pond only —  —Perv pave 80 mm orifice
—•—  Perv pave 90 mm orifice - Perv pave 100 mm orifice Larger pond only
Rain
F ig u re  5 -7 : L in b u rn  p o n d  c a tc h m e n t - p re d ic te d  o u tf lo w  ra te s  fro m  te s te d  S U D S  
la y o u ts  fo r  a ra in fa ll t im e  s e r ie s  c o v e r in g  M a rc h  a n d  A p ril 2 0 0 2
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rai
nd
ep
th 
(m
m)
T a b le  5 -2 2 : P re d ic te d  ru n o f f  v o lu m e s  a n d  p e a k  f lo w s  fro m  S U D S  la y o u ts  te s te d  fo r  a 
ra in fa ll t im e  s e r ie s  c o v e r in g  14  - 1 6  J u n e  2 0 0 2
T o ta l ra in fa ll:  2 2 .6  m m
S c e n a r io
R u n o ff
(m 3/h a )
P e a k  f lo w  ra te  
( l /s /h a )
E x is tin g  s y s te m  fu lly  d e v e lo p e d 118 1.7
E x is tin g  p o n d  o n ly 139 2.7
L a rg e r  p o n d  o n ly 127 2.0
P e rv io u s  P a v e m e n t w ith  o u tf lo w  o r if ic e  o f  80  m m  d ia m e te r 146 2.5
P e rv io u s  P a v e m e n t w ith  o u tf lo w  o r if ic e  o f  9 0  m m  d ia m e te r 147 2.5
P e rv io u s  P a v e m e n t w ith  o u tf lo w  o r if ic e  o f  1 00  m m  d ia m e te r 148 2.5
Peak outflow rate comparison of existing SUDS with alternative scenarios (June
2002)
------- Existing layout fully developed -------Existing pond only ------- Perv pave 80 mm orifice
—♦—  Perv pave 90 mm orifice 
•Rain
-  *  - Perv pave 100 mm orifice Larger pond only
F ig u re  5 -8 : L in b u rn  p o n d  c a tc h m e n t - p re d ic te d  o u t f lo w  ra te s  fro m  te s te d  S U D S  
la y o u ts  fo r  a  ra in fa ll t im e  s e r ie s  c o v e r in g  M a y  a n d  J u n e  2 0 0 2
As with the Halbeath pond catchment, the results for the Linbum pond catchment 
show that the existing SUDS layout performs best for small rain storms (Figure 5-7 
and Figure 5-8). Peak flow attenuation was significantly decreased when the 
detention basin in the leisure park was replaced with permeable pavements (Figure 
5-7 and Figure 5-8). Again, this was mainly caused by the outlet sizes of the 
permeable pavements, which were too large for effective runoff attenuation for the 
smaller rainfall events (see section 5.5.9). The model predicted that a SUDS that 
relies on a single comparatively large sized pond for flow attenuation outperforms all 
of the scenarios assessed, except the existing SUDS (Figure 5-7 and Figure 5-8).
As with Halbeath pond, predicted runoff volumes were different for the scenarios 
that were assessed. This was caused by flow routing times and, to a lesser extent, by 
model resolution. These issues were discussed in detail in section 5.5.9.
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5.6.10 Linburn Pond Catchment -  SUDS Runoff Attenuation Efficiency
The results shown in section 5.5.8 were used to calculate the flow attenuation 
efficiency of each SUDS scenario. Flow attenuation efficiency was calculated for 
both, runoff volumes and peak flows, with the equations and methodology outlined 
in section 5.2. Table 5-24 shows the results for total runoff volumes and Table 5-23 
shows the results for peak flows.
Table 5-23: Linburn pond catchm ent - SUDS space efficiency in controlling peak flow s
Note: benchmark = 
conventional pipe system
„  Q b e n c h m a r k  Q s U D  
1 q ~  0 b e n c h m a r k
SUDS efficiency fo r peak flow s
Ml-60 M2-60 M5-60 Ml 0-60 M30-60 M50-60 M100-60
Existing 0.92 0.86 0.78 0.78 0.71 0.68 0.63
Existing, no impermeable 
surface storage 0.91 0.86 0.79 0.76 0.69 0.67 0.62
Pond only (‘small pond’) 0.84 0.71 0.64 0.63 0.57 0.55 0.60
Pond only (‘small pond’), no 
impermeable surface storage 0.82 0.71 0.67 0.64 0.55 0.55 0.60
Larger pond 0.97 0.94 0.88 0.79 0.76 0.74 0.71
Larger pond, no impermeable 
surface storage 0.97 0.94 0.87 0.79 0.75 0.73 0.69
Permeable pavement, 80 mm 
orifice outlet 0.92 0.87 0.80 0.76 0.70 0.67 0.62
Permeable pavement, 90 mm 
orifice outlet 0.92 0.87 0.80 0.76 0.70 0.67 0.62
Permeable pavement, 100 mm 
orifice outlet 0.92 0.87 0.80 0.76 0.70 0.67 0.62
In terms of peak flow attenuation, the model predicted that all of the SUDS scenarios 
assessed performed best for the 1-year event. With the exception of the ‘small pond 
only’ scenario, the peak flow attenuation effectiveness of the assessed SUDS 
progressively decreased with storms of longer return periods (Table 5-23 and 
Appendix K, Figure K8). For the ‘small pond only’ layout an increase of flow 
attenuation efficiency between the 50- and the 100-year events was calculated. This 
was due to the pond being hydraulically overloaded at this stage and its outflow 
structure not being able to pass forward all flow, resulting in the hydrograph being 
‘peak shaved’ (see section 5.6.8). Of all the SUDS assessed, the scenario with only a 
Targe pond’ at the end of a pipe system was predicted to provide best peak flow 
efficiency for all of the design storms, while the same drainage layout with a ‘small 
pond’ had the lowest efficiency (Table 5-23 and Appendix K, Figure K8).
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Table 5-24: Linburn pond catchm ent - SUDS space efficiency in controlling runoff
volum es
Note: benchmark = 
conventional pipe system
V  - V„  v b e n c h m a rk  S U D
71 v  =
SUDS efficiency fo r runoff volum es
V b e n c h m a rk Ml-60 M2-60 M5-60 Ml 0-60 M30-60 M50-60 M100-60
Existing 0.05 0.06 0.08 0.09 0.09 0.13 0.12
Existing, no impermeable 
surface storage 0.04 0.05 0.08 0.09 0.09 0.12 0.12
Pond only 0.01 0.01 0.01 0.02 0.00 0.02 0.00
Pond only, no impermeable 
surface storage 0.00 0.00 0.01 0.01 0.00 0.02 0.00
Larger pond 0.10 0.08 0.07 0.07 0.05 0.06 0.03
Larger pond, no impermeable 
surface storage 0.09 0.07 0.07 0.07 0.05 0.06 0.04
Permeable pavement, 80 mm 
orifice outlet 0.02 0.04 0.06 0.08 0.08 0.12 0.12
Permeable pavement, 90 mm 
orifice outlet 0.02 0.03 0.06 0.07 0.08 0.11 0.11
Permeable pavement, 100 mm 
orifice outlet 0.01 0.03 0.06 0.07 0.07 0.11 0.11
The SUDS assessed were assumed to provide no infiltration and their efficiency in 
attenuating runoff volumes should be zero. As with predictions for SUDS in the 
Halbeath pond catchment, only one of the layouts assessed was predicted to provide 
no attenuation of runoff volumes (Table 5-24). The predicted attenuation volumes 
for all the remaining SUDS were due to model routing times as outlined in section
5.5.8. Results for design storms simulations indicated that of all the assessed 
scenarios permeable pavements achieved the greatest runoff delay. However, the 
results for time series rainfall in section 5.6.9 indicate that the existing SUDS layout 
in the Linbum pond catchment achieved the greatest runoff delays for storms with 
rain depths and intensities that were significantly lower than the 1-year event (Figure 
5-7 and Figure 5-8).
5.7 Software issues
PCSWMM 2002 was deemed suitable for analysing the SUDS at Duloch Park and 
their comparison with alternative layouts, although it has been recognised that it has 
several weaknesses concerning SUDS analysis.
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The work on the systems at Duloch Park highlighted the lack of both, a 
comprehensive permeable pavement tool and the capability of accommodating rain 
that falls over a storage facility. The permeable pavement design tool included in 
PCSWMM 2002 is not suitable for component analysis as it only computes whether 
a permeable pavement of certain dimensions is sufficient for certain storms and 
catchment areas. One way of analysing permeable pavements is to simulate their sub 
base as a storage node and their permeable surface as a 100 percent impermeable 
catchment that drains directly into this storage node. This method was also deemed 
appropriate for simulating rain that falls over a storage facility and was used for this 
project. With this method, the model predicts lower and delayed runoff hydrograph 
peaks than would in reality be the case.
PCSWMM 2002 works with fixed time steps that are manually entered. This would 
cause model instabilities when a network includes pipes that have flow through times 
shorter than the set time step. PCSWMM solves these instabilities by automatically 
adjusting these pipes to a length where computations are stable. This can delay the 
peak of the runoff hydrograph and it would be preferable if the model would lower 
the time step to a suitable duration when flows through short pipes are calculated.
PCSWMM 2002 has two routing blocks for dealing with networks that consist of a 
mixture of conventional pipe and SUDS systems, Extran and Transport. Transport 
allows up to 30 storage nodes in the routing routine and is convenient for modelling 
SUDS when surcharge is unlikely to occur in the conveyance network as it allows 
also the routing of pollutographs. Transport can not model surcharged systems and it 
assumes that downstream conditions, such as diversion structures, do not to affect 
upstream conditions (Huber and Dickinson, 1992). This causes several problems for 
modelling SUDS which in section 2.11 are described in detail. Regional SUDS 
typically include facilities that are designed to surcharge and create backwater. To 
model these situations often both, Transport and Extran modules are required for 
system analysis. Combining all tools necessary for runoff and pollutant routing into 
one module would significantly enhance the software.
From modelling of the SUDS at Duloch Park it can be concluded that PCSWMM 
(and other urban drainage software, e.g. Infoworks) still includes a number of issues 
that need to be addressed to give more confidence in the simulation results. Existing
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urban drainage software packages have mainly been focusing on flows in pipe 
systems, while SUDS require an integrated modelling approach that covers all 
aspects of urban hydrology. It can also be concluded that PCSWMM 2002 is 
suitable for analysing SUDS, provided that all software shortcomings are taken into 
consideration and all modelling assumptions are clearly stated.
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Chapter 6 Results Of Water Quality Investigations
This chapter presents the results o f water quality investigations in the catchments o f  
Halbeath and Linburn ponds and the catchment o f pond 7. The chapter provides the 
results from three monitoring regimes at Halbeath and Linburn ponds along with the 
results o f manual sampling at pond 7. Summaries o f the results in each catchment 
are given along with details o f representative water quality events. The chapter also 
incorporates research on sediments in these three ponds, carried out by others. A 
pollution spill, caused by a maintenance crew cleaning road drainage gully pots, 
was observed during event sampling at Halbeath pond and water quality during this 
spill is presented in section 6.3. The water quality results are analysed on a water 
quality index developed by the Scottish Development Department (SDD, 1976). In 
Chapter 7, this water quality index is presented and further developed into a tool for  
SUDS performance analysis. The potential implications o f the water quality results 
on future SUDS pond design are discussed at the end o f this chapter.
Water quality monitoring and analysis focused on physico-chemical parameters, as 
outlined in Chapter 3 (pH, D O , turbidity, TSS, BO D5, NH3, TON, P04+, chloride and 
conductivity). These parameters were chosen as they were deemed to best indicate 
the runoff quality and pond performance in Duloch Park. They are also relevant 
runoff parameters in any urban setting and were hence deemed suitable indicators for 
drawing conclusions that are applicable to SUDS in most places of the UK. It was 
decided not to analyse for metals, hydrocarbons and pesticides as catchment use 
during the time of sampling did not suggest that these parameters were of any 
significance. This hypothesis was supported by investigations into pond sediments at 
Duloch Park by Heal (Heal et al, 2001; Heal et al, 2002; Heal, 2004). As outlined in 
section 2.7.2, it is known that metals and pesticides normally associate with sediment 
and are removed by settlement. Therefore, sediment removal efficiency provides a 
good indication of the effectiveness of SUDS facilities in removing associated 
pollutants, such as metals and pesticides.
Halbeath and Linbum ponds were subject to three monitoring regimes, continuous 
monitoring with water quality sondes, event sampling with flow triggered
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autosamplers, and manual sample collection. Manual sampling only was undertaken 
at Pond 7. The monitoring regimes are outlined in Chapter 3 and details of the data 
collection periods are shown in Appendix B (Tables B2 to B4). This analysis of 
pond performance also includes work on pond sediment undertaken by Heal (2004).
6.1 Water Quality Results
Table 6-1 and Table 6-2 show representative extracts of water quality results from 
Halbeath pond and Linbum pond respectively. The extracts are from the event 
sampling regimes at these ponds, as event sampling provided the most detailed and 
comprehensive results on runoff and system outflow quality. Extracts for Pond 7 are 
shown in Table 6-3. The water quality results are shown in their entirety in 
Appendix H. There, results tables for all sampling regimes and all monitored 
parameters are shown. The tables in Appendix H provide a detailed overview of the 
water qualities found over the entire monitoring period.
Table 6-1: Extracts of event sam ple analysis at Halbeath pond
Note:
Conductivity
(m
icro S/cm
)
TSS (m
g/1)
Turbidity
(NTUs)
NH
3 (m
g/1)
P04+ (m
g/1)
Chloride
(m
g/1)
DO
 (%
sat)
(n.d.=no data]
Sample size Inlet 249 282 282 244 156 223 129 57
Outlet 191 230 231 231 114 81 170 126
Maximum Inlet 7.85 81,100 32,792 16,960 19.00 0.52 21,000 91
value Outlet 7.80 3,440 33 31 1.04 0.31 597 86
Arithmetic Inlet 7.00 4,210 595 576 4.61 0.04 2,431 84
Mean Outlet 6.91 1,776 7 11 0.05 0.03 303 73
Standard Inlet 0.42 8,270 2,904 2,268 7.07 0.06 4,352 7
deviation Outlet 0.46 529 5 7 0.10 0.07 104 5
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Table 6-2: Extracts of event sample analysis at Linburn pond
Note:
(n.d.=no data)
Conductivity
(m
icro S/cm
)
TSS (m
g/1)
Turbidity
(NTUs)
NH
3 (m
g/1)
P04+ (m
g/1)
Chloride
(m
g/1)
DO
 (%
sat)
Sample size In East 101 101 101 101 94 101 101 n.d.
In NE 122 122 122 122 66 77 121 n.d.
In N1A 146 146 146 146 87 107 146 n.d.
In NIB 121 121 120 121 72 72 107 n.d.
Outlet 189 189 189 189 163 167 189 n.d.
Maximum value In East 8.43 905 116 \o oo 0.44 0.29 287 n.d.
InNE 8.28 7,850 11,920 12,408 1.09 0.16 2,000 n.d.
In N1A 9.86 16,900 15,390 14,750 3.68 0.44 7,470 n.d.
In NIB 8.34 935 5,728 4,440 0.67 0.45 32 n.d.
Outlet 8.88 1,061 65 46 0.69 0.86 265 n.d.
Arithmetic Mean In East 8.03 610 13 19 0.10 0.06 36 n.d.
InNE 7.70 1,514 459 474 0.16 0.05 224 n.d.
In N1A 7.61 2,528 694 926 0.36 0.12 950 n.d.
In NIB 7.59 193 285 330 0.11 0.03 7 n.d.
Outlet 7.90 902 12 19 0.16 0.08 98 n.d.
Standard In East 0.22 101 23 40 0.10 0.04 34 n.d.
deviation In NE 0.28 1,077 1,739 1,738 0.19 0.04 308 n.d.
In N1A 0.56 4,708 2,004 1,995 0.60 0.08 2016 n.d.
In NIB 0.24 177 704 734 0.14 0.05 9 n.d.
Outlet 0.58 64 12 11 0.11 0.10 43 n.d.
Table 6-3: Extract from  sam ple analysis at Pond 7 (m anual sam pling)
Note:
T3s
Conductivity
(micro S/cm)
TSS (mg/1)
Turbidity
(NTUs)
NH3 (mg/1)
P04+ (mg/1)
Chloride
(mg/1)
DO
 (%
sat)
(n.d.=no data)
Sample size In SW 58 59 43 34 52 58 54 n.d.
InN 49 49 34 28 44 48 46 n.d.
Outlet 30 30 28 16 26 29 27 n.d.
Maximum value In SW 8.72 2,180 680 1,340 0.70 1.71 484 n.d.
InN 12.22 3,840 409 135 0.37 0.17 144 n.d.
Outlet 8.90 2,060 61 116 0.26 0.24 464 n.d.
Arithmetic Mean In SW 7.45 1,388 40 79 0.09 0.14 191 n.d.
InN 8.12 795 39 26 0.09 0.04 52 n.d.
Outlet 7.81 977 16 31 0.07 0.04 161 n.d.
Standard deviation In SW 0.44 458 110 237 0.13 0.28 110 n.d.
InN 0.97 529 87 37 0.09 0.04 47 n.d.
Outlet 0.52 392 16 42 0.07 0.05 129 n.d.
Chapter 6: Results o f water quality investigations 117
6.2 Water Quality Events At Linburn And Halbeath Ponds
Water quality graphs of pond inflows and outflows during runoff events were drawn 
for detailed analysis of the behaviour of each catchment and pond during runoff 
events. Representative graphs for inflows and outflows at Halbeath pond are shown 
in Figure 6-1 and Figure 6-2, presenting the behaviour of four continuously 
monitored water quality parameters. Additional water quality data for Halbeath pond 
can be found in Appendix H (Tables HI, H3 and H5). Representative graphs for 
inflows and outflows at Linburn pond are shown in Figure 6-3 to Figure 6-7, 
presenting the behaviour of seven water quality parameters during event sampling. 
Additional water quality data for Linburn pond is shown in Appendix H (Tables H9 
and H10).
The graphs of inflow and outflow water quality at Halbeath pond, shown in Figure
6-1 and Figure 6-2, clearly show the improvement of water turbidity / TSS in the 
pond. From the graphs it is also evident that conductivity peaks were significantly 
attenuated in the pond and that outflow values for all four water quality parameters 
were always fairly stable. The graphs show that dissolved oxygen saturation was 
typically better in the inflow than the outflow and that inflow concentrations imitated 
the inflow hydrograph. The inflow hydrograph was also imitated by turbidity / TSS, 
whereas changes in the outflow hydrograph had little effect on outflow water quality. 
Inflow conductivity followed no typical pattern but often peaked at the start of an 
event and then fell rapidly to lower values.
C o n tin u o u s ly  M o n ito re d  W Q  a t  In flo w
350
300
25/01/02 26/01/02 27/01/02 28/01/02
"■ ■ —flow (l/s x factor 10) turbidity (NTU)
pH (x factor 10)
...... Conductivity (microS/cmx factor 0.05)
-------DO (% saturation)
F ig u re  6 -1 : H a lb e a th  P o n d  - R e p re s e n ta t iv e  G ra p h  o f  W Q  a t In f lo w
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F ig u re  6 -2 : H a lb e a th  P o n d  - R e p re s e n ta t iv e  G ra p h  o f  W Q  a t O u tf lo w
The graphs from Linburn pond (Figure 6-3 to Figure 6-7) show that the nutrients 
NH3 and P04+ were not always present in measurable concentrations in the inflows, 
whereas outflow concentrations were typically well within the detection limits of the 
methods employed for analysis. This shows that no significant attenuation of the 
nutrients took place during the monitoring period. As at Halbeath pond, all inflow 
conductivities typically improved during high flow rates, whereas outflow 
conductivity was fairly stable.
At inlet east, turbidity and TSS normally rose sharply at the start of event flows and 
fell with the declining limb of the runoff hydrograph. In contrast, NaCl 
concentrations fell during runoff events. Nutrients typically rose slightly at the 
beginning of a runoff event and fell with the declining limb of the runoff hydrograph 
(Figure 6-3).
E v e n t M o n ito re d  W Q  p a ra m e te r s  a t  In le t  E
5 20 Q.
T C
W  1_________  1 m i_________________________________________________________________1
1/5/02 06:43 2/5/02 04:04 3/5/02 01:26 3/5/02 22:48 4/5/02 20:09 5/5/02 17:31
pH
------ -Conductivity (micro S/cmx factor 0.01)
-•— Turbidity (NTU)
-g---- P04+ (mg/l x factor 100)
--------- - NaCl (mg/l)
— A-----TSS (mg/l)NH3 (mg/l x factor 100) 
------------flow (l/s)
F ig u re  6 -3 : L in b u rn  P o n d  - R e p re s e n ta t iv e  G ra p h  o f  W Q  a t In f lo w  E a s t
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At inlet northeast, turbidity and TSS rose sharply at the start of inflow events and 
appeared to fall towards lower levels as runoff progressed. Nutrient concentrations 
usually also rose during the start of runoff events, although slightly delayed when 
compared to TSS and turbidity, indicating that most nutrient input came from upper 
catchment reaches where fallow land with disturbed soils drained to the system. 
Conductivity usually fell as a runoff event progressed whereas pH was typically 
stable. Figure 6-4 shows the typical behaviour of water quality parameters during a 
runoff event. Unfortunately, in this case, a runoff event with low flows preceded a 
much bigger one and at the arrival of the high flow event the sampling routine was 
nearly completed.
F ig u re  6 -4 : L in b u rn  P o n d  - R e p re s e n ta t iv e  G ra p h  o f  W Q  a t In f lo w  N o r th e a s t
Inflows at inlet N1 A, typically carried high loads of TSS during the start of runoff 
events and often the high TSS concentrations were accompanied by high loads of 
nutrients and NaCl (Figure 6-5). The concentrations of these pollutants typically fell 
sharply as the event progressed.
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F ig u re  6 -5 : L in b u rn  P o n d  - R e p re s e n ta t iv e  G ra p h  o f  W Q  a t In f lo w  N 1 A  (r e s id e n t ia l )
Runoff at inlet NIB typically carried high loads of TSS, which were usually greatest 
during the start of inflow. Usually, inflow at this location was high in conductivity, 
which often continued to rise during a runoff event. In addition, at least one nutrient 
was normally present in measurable concentrations. Inlet NIB usually also carried 
the largest flow rates. The typical water quality behaviour during a runoff event at 
this location is shown in Figure 6-6.
pH (x factor 10) —  —  NaCl (mg/l x factor 10)
-------Conductivity (micro S/cm) — A—  TSS (mg/l x factor 0.1)
-•-----Turbidity (NTU x factor 0.01) NH3 (mg/l x factor 1000)
-©-----P04+(mg/l x factor 1000) ----------- flow (l/s)
F ig u re  6 -6 : L in b u rn  P o n d  -  R e p re s e n ta t iv e  G ra p h  o f  W Q  a t In f lo w  N 1 B  ( r o a d )
At the outlet, nutrients were always present and subject to large fluctuations with no 
fixed pattern. All other water quality parameters investigated were typically fairly 
stable. Figure 6-7 shows the typical water quality behaviour during dry weather and 
event outflows.
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F ig u re  6 -7 : L in b u rn  P o n d  - R e p re s e n ta t iv e  G ra p h  o f  W Q  a t O u tf lo w
It can be concluded from the runoff graphs for Halbeath and Linburn ponds that most 
of the pollutants are being washed off the catchments at the start of runoff events. In 
addition, rainfall over Duloch Park occurs frequently and is typically of small depth 
and intensity (see section 3.6). From the rainfall pattern, it can be concluded that the 
catchments at Duloch Park are typically relatively clean of both, small sized 
suspended solids and soluble pollutants. This hypothesis is also supported by 
research on pond sediments in Duloch Park (Heal, 2004), which found that most 
metals were associated with larger sediment particles (> 500 pm diameter). One 
possible explanation for this phenomenon is that fine sediments are washed more 
rapidly from catchment surfaces than coarse sediments, giving more time for 
accumulation of metals on the coarser sediments.
The results indicate that, at Duloch Park, pond volumes which are smaller than those 
installed would still perform well for their prime purpose and achieve good outflow 
water quality. This can be concluded from the following facts: Firstly, most 
rainfalls at Duloch Park are of small depth and typically fall on catchments where 
only small amounts of the difficult to remove small particles and soluble pollutants 
are present. Secondly, from the results it is evident that good pollutant removal 
occurred in both ponds even during large storm events and it can be assumed that 
with a reduced volume the outflow water quality would still be typically good. The 
sediment pattern in Linburn pond showed that the bulk of suspended solids settled 
near the inlets, indicating that good pollutant removal can be achieved with a smaller 
pond volume if good energy dissipation for inflows is provided and the length from a 
pond’s inlets to the outlet is maximised. The paradigm that SUDS ponds with 
smaller volumes than at Duloch Park will still achieve good outflow water quality 
can be applied to any area with rainfall and land use patterns similar to Duloch Park.
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6.3 Gully Pot Cleaning Event In The Halbeath Pond Catchment
A pollution spill was observed on 25 May 2001, during event monitoring at Halbeath 
pond. The incident was caused by a maintenance team cleaning gully pots along the 
main road that runs through the catchment. Runoff from the Halbeath pond 
catchment is collected by a conventional surface drainage system, and gully pot 
cleaning is part of the regular maintenance cycle. The procedure involves emptying 
of the gully pots with a suction hose. It appeared that the maintenance crew also 
cleaned the gully pots with a hose and this runoff triggered the auto sampler that was 
installed at the pond’s inlet. The data shows that the cleaning procedure resulted in 
heavy loads of suspended solids and ions being washed into the pond (Figure 6-8). 
The high ion load was most likely due to a mixture of fine clay particles, metals and 
salts that were trapped in the gully pots. The event shown in Figure 6-8 was 
undertaken during a relatively dry period and no outflow from the pond was 
recorded. So it can be assumed that most of the pollution load caused by this event 
was retained in the pond. The event proves that SUDS ponds can be effective in 
containing severe pollution spills. The event also shows that maintenance of gully 
pots must follow strict guidelines of good practice to minimise the potential 
environmental impact this type of work may have. Hosing of gully pots after 
emptying their contents should not be part of the maintenance, as it releases 
potentially harmful substances the gully pots are installed to remove.
F ig u re  6 -8 : R u n o ff T S S  a n d  c o n d u c tiv ity  d u r in g  g u lly  p o t c le a n in g
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6.4 Sediment Distribution In The Ponds
Comparison of inflow and outflow pollutant concentrations provided a good picture 
of both the pollutant patterns in the catchments and the efficiency of the ponds in 
removing or attenuating pollutants. Information on pond performance can also be 
obtained from sediment studies. Sediment studies on the SUDS ponds in Duloch 
Park have been carried out by Dr. Heal of Edinburgh University and this study 
analysed the results for the years 1999 to 2003 (Heal, 2004) to assess sedimentation 
in the ponds and the implication for pond maintenance. Heal’s estimates of 
sedimentation rates in the Halbeath and Linbum ponds were compared with the 
estimates obtained from water quality data. The estimates of sedimentation rates at 
Linbum pond were based on data from event sampling. At inlets NE, N1A and NIB, 
the mean values of the captured inlet samples were calculated and extrapolated to a 
period of 4-years (period of Heal’s, 2004, study). The estimates of sedimentation 
rates at Halbeath pond were based on turbidity data. Suspended solids were 
calculated from turbidity data using the equations shown in Figure 7-3 to Figure 7-5. 
Inflow and outflow turbidities over 7-months were analysed and the results 
extrapolated to a period of 4-years.
The sediment study by Heal (2004) suggests that pollution by heavy metals and 
hydrocarbons was not significant in Duloch Park during the study period, supporting 
the hypothesis developed for the design of the water quality sampling methodology, 
which was for physico -chemical parameters.
Heal (2004) reports the largest sediment accumulation and highest annual 
sedimentation rates in Halbeath pond (Table 6-4). This confirms the results from the 
water quality analysis which found comparatively large inflow sediment loads and 
the best suspended solids removal efficiency in Halbeath pond. Heal (2004) 
estimated that 454 tonnes of sediments accumulated over the 4-years of her study. 
This compares with 394 tonnes estimated from turbidity data (Table 6-4). Heal’s
(2004) data for Halbeath pond show that the greatest sediment depth was initially 
measured in deep water near the inlet. Then, between 2000 and 2003, the depth of 
sediment increased across the whole pond (Figure 6-9 and Figure 6-12). Heal (2004) 
found lower sedimentation rates in Linbum pond, again confirming the results of the
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water quality analysis. However, HeaPs (2004) sediment data on this pond are 
ambiguous as the estimated accumulation by volume was -90.5 tonnes while the
' i
volume increased by 197 m (Table 6-4). From the water quality data obtained for 
this thesis it was estimated that pond sediment increased by 102 tonnes over 4-years. 
In Linburn pond, the greatest sediment depth in all years occurred in deep water of 
the sedimentation basin into which the four major catchments discharge (Figure
6-10). The pattern and depth of sedimentation was very similar in all years, but 
sedimentation increased from 2000 to 2002 and stabilised in 2003 (Figure 6-13). In 
Pond 7, sediment depths were comparatively small and uniform in 1999, but 
accumulation near inlet southwest is already clearly visible. Data for 2003 shows a 
more distinct gradient in sediment depth between inlet southwest and the outlet. The 
data shows that most sediment accumulated in the sedimentation basin near inlet 
southwest. Sediment depths were very shallow near inlet north, which had only very 
small flows. The results for Pond 7 are shown in Figure 6-11 and confirm the results 
from water quality sampling.
Table 6-4: Halbeath and Linburn ponds -  estimated sedimentation rates
(1) Sediment volume estim^ed from sediment 
density determined by Heal (2004) for 
sediment at Halbeath pond (1.36 t/m3)
Sedimentation rate 
estimated from water 
quality data
Sedimentation rate 
estimated from sediment 
data (Heal, 2004)
H alb eath  pond inlet (t) 395 .1 N /A
H alb eath  pond outlet (t) 0 .9 N /A
H alb eath  pond accum ulation  (t) 3 9 4 .2 4 5 4
H a lb eath  pond accu m u lated  
vo lum e (m  )
291  (1) 3 3 5
H alb eath  pond - estim ated  
sed im en t rem oval cyc le  (yrs) if 
rem oval is w hen 2 5 %  o f pond  
vo lu m e a re  infilled
16 14
Linburn pond inlet (t) 1 1 2 .5 N /A
Linburn pond outlet (t) 10 .2 N /A
Linburn pond accum ulation  (t) 1 0 2 .3 -9 0 .5
Linburn pond accum ulated  
vo lu m e (m  )
7 6  (1) 197
Linburn pond - estim ated  
sed im ent rem oval cyc le  (yrs if 
rem oval is w hen  2 5 %  o f pond  
vo lum e a re  infilled
2 0 4 79
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At Linbum pond, sedimentation rates estimated from sediment data (Heal, 2004) 
were ambiguous and diverged strongly from estimates obtained with water quality 
data (Table 6-4). Heal (2004) explained the ambiguous results on inter-annual 
variations in measured sediment density and depth. The estimates from water quality 
data, on the other hand, were based on seven runoff events over a period of 32 days 
which could also have incurred a large margin of error. At Halbeath pond, in 
contrast, estimated sedimentation rates from turbidity data were almost congruent 
with estimates from sediment data (Table 6-4). In view of the results obtained for 
Halbeath and Linbum ponds, it can be concluded that establishing site specific 
suspended solids concentrations versus turbidities is the most practical and accurate 
method for estimating sedimentation rates in ponds.
The estimates from water quality data indicate that the required sediment removal 
cycles would be 16 years at Halbeath pond and 204 years at Linbum pond, if 
removal is assumed to be required when 25% of the pond volume is filled in by 
sediment. With Heal’s (2004) data, Halbeath pond is estimated to require sediment 
removal every 14 years and Linbum pond every 79 years. Other researchers who 
also based their sediment removal cycles on accumulated volume estimated 3 to 7 
years for pond sedimentation forebays and approximately 25 years for the main pond 
(e.g. DTI, 2003). These estimates are purely based on physical sediment 
accumulation rates and do not consider sediment toxicity. Some researchers have 
based their estimated removal cycles on the risk of metal transports from SUDS 
ponds to groundwater and arrived at approximate removal cycles of 25 years (Yousef 
etal, 1994a).
The data gathered by Heal (2004) clearly show that estimates for sediment removal 
cycles from SUDS ponds should not follow simplistic approaches, such as probable 
sediment toxicity over time or reduced pond volume due to sedimentation. Sediment 
removal cycles need to take account of the sediment distribution within the facility. 
The data from Duloch Park suggests that the required sediment removal cycle is 
mainly dependent on a pond’s flow regime. The sediment data provided clear 
evidence that besides very efficient suspended solids removal, the flow regime in 
Halbeath pond allowed suspended solids transport over the berm that separates the 
main pond from the sedimentation pond. The gradient of sediment depth between
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inlet and the northern shore of the pond was much greater in 1999 than in 2003 
(Figure 6-9) and the transect in Figure 6-12 shows that relative accumulation of 
sediment in the main basin appears to be exhilarating. The transect also clearly 
shows that sediment depths near the berm increased significantly in the year 2002 
and that sediment was transported over the berm in the year to 2003. From this it can 
be concluded that the optimum time for removing sediment from the sedimentation 
pool of the pond would have been sometimes between 2002 and 2003, approximately 
5 years into the life of the pond. Postponing of this vital maintenance is likely to 
cause relatively more sediment being transported over the berm than during the first 
four years of the pond’s life, bearing the risk of sediment accumulation in the outlet 
pipe and therefore the need of large scale maintenance. In contrast, data for Linburn 
pond and Pond 7 show a significant gradient in sediment depths from inlets to outlet, 
showing that the bulk of incoming sediment settled in the sedimentation pools 
(Figure 6-10 and Figure 6-11). Besides lower incoming sediment loads and lower 
settling efficiencies than Halbeath pond, flow regimes in these two ponds may be 
more favourable for sediment settling in the sedimentation pool. The transect from 
inlet east to the outlet of Linburn pond shows that the settling profile in 2003 was 
similar to the one in 1999, with the bulk of sediments settling approximately 10 
metres from the berm and only minor increases in sediment depths behind the berm 
(Figure 6-13). This shows that by 2003, 5 years into their life, sediment 
accumulation in Linburn pond and Pond 7 had not reached the point were extraction 
is required.
Halbeath Pond, Duloch Park, Dunfermline Halbeath Pond, Duloch Park, Dunfermline  
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Figure 6-9: Halbeath pond -  Sedim ent distribution in 1999 and 2003 (adapted from
Heal, 2004)
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Linburn Pond, Duloch Park, Dunferm line  
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Figure 6-10: Linburn pond -  Sedim ent distribution in 1999 and 2003 (adapted from
Heal, 2004)
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Figure 6-11: Pond 7 -  Sedim ent distribution in 1999 and 2003 (adapted from  Heal,
2004)
Halbeath pond: Sedim ent depths from in let to northern shore (1999 -
2003)
Inlet Distance from inlet (m) Northern
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Figure 6-12: Halbeath pond: Changes in sedim ent depths and distribution between  
1999 and 2003 (adapted from  Heal, 2004)
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Linburn pond: Sedim ent depths from inlet east to outlet (1999 - 2003)
Figure 6-13: Linburn pond: Changes in sedim ent depths and distribution betw een  
1999 and 2003 (adapted from  Heal, 2004)
The settling patterns of suspended solids in the ponds can partly be explained by the 
arrangement of inlet structures. Halbeath pond has an open inlet structure (Figure
6-15) that does not dissipate the energy of inflowing runoff as much as the inlet 
structures of Linburn pond and the southwest inlet of Pond 7. Dense vegetation 
grows around and in front of three inlet structures of Linbum pond and inlet east has 
a rock and gravel rip-rap structure for energy dissipation (Figure 6-14). Reed is also 
growing around and in front of inlet southwest at Pond 7 (Figure 6-16). The design 
of the inlet allows inflows at Halbeath pond to transport suspended solids closer to 
the berm than in the other two ponds and larger runoff events have the potential to 
re-suspend sediment and drop it at the lee side of the berm. In contrast, inflows at 
Linburn pond and Pond 7 were sharply slowed down by the dense vegetation around 
the inlet structures and the bulk of suspended solids dropped within a short distance 
into the pond. The results provide a clear indication that good energy dissipation 
enhances the settling of suspended solids near the inlet. This may result in savings 
on pond maintenance costs, as only the sedimentation section, and not the whole 
pond, needs to be regularly cleared of sediments. It may also result in ecological 
advantages as, for clearing of sediments from the forebay only, a pond does not need 
to be drained completely but its water level only needs to be lowered. From the 
ponds under investigation, it appears that vegetation can be used as a cost effective 
method of inflow energy dissipation. From a maintenance perspective it would be 
best to have two facilities for inflow energy dissipation, one in the pond and one 
upstream in form of a detention basin or a sedimentation forebay to the pond. Visual
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inspection of sediment accumulation in detention basins in the Linburn pond 
catchment clearly showed that large amounts of suspended solids have been settled 
there.
Figure 6-14: Linburn pond (left to right) -  Inlets east, northeast, north 1 (includes N1A
& N1B) and north 2
Figure 6-15: Halbeath pond - Inlet
Figure 6-16: Pond 7 -  Inlets north (left) and southw est (right)
Chapter 6: Results o f  water quality investigations 130
6.5 C atch m en t Runoff Q uality
Data from the inlets of the ponds show that the biggest pollution loads were 
generated in the residential area of Linbum pond (inlet N1 A). Runoff from there had 
the highest peak and mean concentration, as well as the biggest variation, for each of 
the pollutants investigated (Table 6-1, Halbeath pond, and Table 6-2, Linbum pond). 
Spills of domestic sewage into the surface water system significantly contributed to 
the large pollution loads in mnoff from the residential area. In addition, the results 
show that chloride and conductivity were typically highest in runoff from the 
residential catchment (Table 6-1, Halbeath pond, Table 6-2, Linbum pond, and 
Appendix H), most probably caused by excessive gritting at private compounds. The 
results imply that the pollution potential from residential areas is significant and at 
least equal to that of commercial areas. In contrast, runoff from the field drainage in 
the Linbum pond catchment (inlet east) had typically the lowest pollution peaks and 
mean loads of all catchments (Table 6-1 and Table 6-2). Inflow from this catchment 
had also the lowest NH3 concentrations which suggested that a significant part of its 
flow was groundwater that diluted NH3 concentrations in water that drained directly 
from the meadow. The results for NH3 concentrations also suggested that less 
nitrogen containing material was generated in the agriculturally used meadow than in 
the residential and road catchments (Table 6-1 and Table 6-2). In these catchments, 
nitrogen most likely originated from pet faeces, garden fertilisers, disturbed soils and 
(in the case of the residential catchment) from domestic sewage. In the Linbum pond 
catchment, pollutant concentrations were generally lower in the inflow of inlet NIB 
than at NE (Table 6-2) although, in contrast to NIB, all inflow at NE was routed 
through detention basins. This was due to the roads in catchment NE being much 
heavier trafficked than in the catchment of NIB, and NE draining a large area of 
undeveloped but disturbed land. Visual observation showed that large amounts of 
sediments accumulated in the detention basins of catchment NE, showing that 
suspended solids and associated pollutant loads at the pond’s inflow would have 
been much larger had the detention basins not been installed.
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6.6 Pond Perform ance
The results showed that all three ponds performed well in reducing TSS loads under 
the meteorological conditions and flow regimes that occurred. Little or no 
improvement was observed for nutrients and at Linbum pond nutrients may have 
been ‘exported’ during the period monitoring took place (Figure 6-3 to Figure 6-7). 
However, from the results obtained it was not possible to draw definitive conclusions 
on nutrient flows in the ponds as the periods of event monitoring did not cover the 
whole annual growth cycle.
Analysis of data from Halbeath and Linbum ponds showed that peak concentrations 
were significantly reduced for all of the parameters investigated, except 
orthophosphates at Linbum pond (Table 6-1, Table 6-2, Table 6-5, Figure 6-1 to 
Figure 6-7 and Appendix H). Thereby, the potential for acute pollution shocks on 
ecosystems in the receiving waters was mitigated. The performance of Pond 7 in 
reducing peak concentrations could not be determined, as this pond was only 
sampled manually.
Table 6-5: Pollution peaks and means at Halbeath and Linburn ponds (event sampling)
Halbeath Pond: Samples of 2002 event sampling
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M a x im u m I n le t 7 .8 5 8 1 ,1 0 0 5 68 6 1 0 1 .08 0 .5 2 2 1 ,0 0 0
v a lu e O u t le t 7 .8 0 2 ,6 2 0 33 31 0 .2 3 0 .31 5 9 7
A r ith m e t ic I n le t 6 .9 9 6 ,5 9 0 148 20 1 0 .11 0 .0 5 2 ,4 3 1
M e a n O u t le t 6 .8 5 1 ,547 7 14 0 .0 4 0 .0 3 3 0 4
S ta n d a r d I n le t 0 .4 2 1 1 ,0 6 4 91 140 .6 0 .1 8 0 .0 7 4 ,3 5 2
d e v ia t io n O u t le t 0 .4 5 2 6 8 5 5 .6 8 0 .0 5 0 .0 7 105
Linburn Pond: Samples of 2002 event sampling
M axim u m  va lu e In  E a st 8.43 905 116 198 0 .44 0 .29 287
InNE 8.28 7,850 11,920 12,408 1.09 0.16 2,000
In  N 1A 9 .86 16,900 15,390 14,750 3 .68 0 .44 7 ,470
In NIB 8.34 935 5,728 4,440 0.67 0.45 32
O u tle t 8 .88 1,061 65 46 0 .69 0 .86 265
A rith m etic  M ean In  E ast 8.03 610 13 19 0 .10 0 ,06 36
InNE 7.70 1,514 459 474 0.16 0.05 224
In  N 1A 7.61 2 ,528 694 926 0 .3 6 0 .12 950
In NIB 7.59 193 285 330 0.11 0.03 7
O u tle t 7 .90 902 12 19 0 .16 0.08 98
Stan d ard In  E ast 0 .22 101 23 40 0 .10 0 .04 34
d ev ia tion InNE 0.28 1,077 1,739 1,738 0.19 0.04 308
In  N 1A 0 .56 4 ,708 2 ,004 1,995 0 .60 0.08 2 ,016
In NIB 0.24 177 704 734 0.14 0.05 9
O u tle t 0 .58 64 12 11 0.11 0 .10 43
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The data obtained also showed that, with few exceptions, the dissolved oxygen 
saturation at the outflows of Halbeath and Linbum ponds remained fairly stable 
throughout the monitoring periods (Figure 6-2 and Appendix H, Tables HI, H5 and 
H9).
6.6.1 S u sp en d ed  S o lid s  Rem oval
From the data it is evident that Halbeath pond performed significantly better in 
removing suspended solids than Linbum pond and Pond 7 (Table 6-1 to Table 6-3 
and Appendix H). The average inflow and outflow TSS concentrations at Halbeath 
pond were 595 mg/1 and 7 mg/1 respectively, a reduction of the average concentration 
of 99.8%. In comparison, average suspended solids concentrations were reduced by 
97% in Linbum pond. However, the reduction in average concentrations does not 
equal removal rates but only provides an indication on these. For example, Linbum 
pond had permanent outflow whereas Halbeath pond often had spells of over a week 
without any outflow. From this it can be implied that the sediment removal rate at 
Halbeath pond is closer to the reduction in concentration rates (in this case 99.8%) 
than it is at Linbum pond (in this case 97%), as the permanent flow at Linbum pond 
transported relatively more sediments out of this pond than was the case with the 
sporadic outflow at Halbeath pond. At Pond 7, the average TSS concentration was 
only reduced by 60% and also this pond often had spells of more than a week 
without any outflow. Pond 7 had also a much greater variation in outflow TSS than 
Halbeath and Linbum ponds (Table 6-1 to Table 6-3), indicating lower removal 
consistency and efficiency. Significantly better TSS removal efficiency at Halbeath 
pond, compared to Linbum pond, was also evident from the water quality based 
sedimentation estimates (Table 6-4). The results and estimates obtained from water 
quality samples are in line with findings from pond sediment investigations 
undertaken by Heal (2004) who found that of the three ponds sediment accumulation 
rates were clearly greatest in Halbeath pond. This was mainly due to Halbeath pond 
having a flow regime that was more favourable for settling of suspended solids, as 
outlined in Chapter 4. From the sediment data obtained and the hydrologic 
conditions in the ponds (as outlined in Chapter 4) it can be concluded that, under 
Scottish conditions, permanent inflows and groundwater ingress into SUDS ponds
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should be avoided to achieve best removal of suspended solids. However, as 
outlined in section 6.4, the inflow regimes of the three ponds were different and 
resulted in different sediment distribution in the ponds.
The removal efficiency of suspended solids and their pattern of distribution in the 
ponds have implications for their maintenance which in section 6.4 is outlined in 
more detail. From water quality data obtained at Halbeath and Linbum ponds an
'y o
annual sedimentation rate of 73 m and 19 m respectively was estimated (Table
6-6).
Table 6-6: Halbeath and Linburn ponds -  annual sedimentation rates (estimated from
water quality data)
Annual sedimentation 
by weight (t)
Annual sedimentation 
by volume (m3)
Pond volume lost 
per annum (%)
Halbeath pond 98.6 72.8 1.6%
Linburn pond 25.6 19.0 0.1%
In terms of annual sediment depth increase, Heal (2004) estimated an average of 1 
cm/yr for Halbeath and 0.4 cm/yr for Linbum pond. Heal’s (2004) estimates on 
average sediment accumulation rates in Halbeath and Linbum ponds lie within the 
range reported from other studies (Table 6-7).
Table 6-7: Pond sedimentation rates from various studies
Study Mean sediment accumulation rate (cm/yr)
Heal (2004) 1.0 (Halbeath pond) 
0.4 (Linburn pond)
Marsalek e ta l. (1997) 2.0
Rowney e ta l. (1986) 0.46
Striegl (1987) 0.2
Yousef et al. (1994b) 0.46 (sediment cores from 9 ponds) 
2.26 (in situ measurements at 9 ponds)
6.6.2 Nutrients Rem oval
Data from Halbeath pond do not suggest that removal of orthophosphates took place. 
The outflow concentrations, with an average of 0.03 mg/1, were similar to inflow 
concentrations of 0.04 mg/1 (Table 6-1 and Appendix H, Tables H5 and H7).
Linbum pond did not significantly reduce peak orthophosphate concentrations (Table
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6-1, Table 6-2, Figure 6-3 to Figure 6-7 and Appendix H, Tables H10 and H13) and 
on several occasions higher peak outflow than peak inflow concentrations were 
observed. The data also show a higher mean outflow than inflow concentration 
(Table 6-2), implying that Linbum pond released orthophosphates during the 
sampling period, probably from its sediment. However, the monitoring periods were 
not long enough to draw robust conclusions on the average annual orthophosphate 
removal efficiencies of the ponds. Orthophosphate release has also been found in 
other studies (e.g. Bartone and Uchrin, 1999). As with the work for this thesis, the 
monitoring period for the research of Bartone and Uchrin (1999) was not long 
enough to draw robust conclusions on the overall orthophosphate removal of the 
pond that was investigated. Published studies into orthophosphate removal (and 
nutrients in general) in SUDS ponds were generally insufficient in time scale for 
drawing robust conclusions and results vary widely (e.g. Hvitved-Jacobsen et al, 
1984, 99% removal; Napier et al, 2005, 43% removal).
6.6.3 D isso lved  O xygen Saturation
Data from Halbeath pond showed that, with an average of 84%, oxygen saturation 
during runoff events was typically better in pond inflows than in the pond’s outlet for 
which an average saturation of 73% was calculated (Table 6-1, Figure 6-1, Figure 
6-2, and Appendix H, Table H5). This was due to the more turbulent conditions of 
the inflow. Nevertheless, although almost still hydraulic conditions in the outflow 
chamber prevailed, the oxygen saturation there was fairly stable between 60% - 80% 
(Figure 6-2) and only dropped below 50% during the morning hours of a few dry 
summer days. The drop was most likely caused by plant respiration. It is unlikely 
that breakdown of BOD was the cause for the drops in DO saturation as these clearly 
followed a diurnal pattern with lowest levels just before sunrise, rising till sunset, and 
falling during hours of no sunlight. The dissolved oxygen saturation levels in the wet 
well of Linbum pond’s outlet structure were similar to Halbeath pond and had a 
mean concentration of 67% (Appendix H, Table H9). At the same location, levels 
dropped below 50% during the morning hours of the same summer days that caused 
a similar drop at Halbeath pond. However, the lowest dissolved oxygen levels were 
measured during several outflow events with flow rates of between 25 and 80 1/s.
The lowest concentration measured during one such event was 39% (Appendix H,
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Table H9). The drop was most likely caused by the re-suspension of sediments. 
Dissolved oxygen levels were typically close to 100% during flows above 80 1/s. 
Then the pond water was probably oxygen enriched due to highly turbulent inflows. 
Normally, the outflow of Linbum pond should have had higher average dissolved 
oxygen levels than Halbeath pond, as it had permanent flow. This was not the case 
(Table 6-1 and Table 6-2) and infiltration of domestic sewage, with high biological 
oxygen demand, most likely depressed the oxygen levels in Linbum pond. The 
inflow of domestic sewage was evident from material deposited around the inlet 
from the residential area (inlet N1 A).
6.6.4 C onductiv ity  Perform ance
Inflow and outflow conductivities at all three ponds varied widely between seasons 
and events and the highest conductivities were observed during winter days when 
salt was applied to roads and car parks. The outflow conductivities at all three ponds 
were subject to large variations. Nevertheless, they were significantly more stable 
than inflow conductivities Table 6-1 to Table 6-3 and Appendix H) and the event 
data from Linbum and Halbeath ponds clearly showed that conductivity peaks were 
flattened out in the ponds (Figure 6-1 to Figure 6-7).
6.6.5 W ater Tem perature
The outflow water temperatures at Halbeath and Linbum ponds were subject to 
larger variations than inflow temperatures, especially during summer months. This 
may suggest that SUDS ponds can have a potential impact on ecosystems in small 
watercourses by raising their temperature. However, both ponds are located in close 
proximity and the maximum outflow temperature measured at Linbum pond was 
18.6°C, whereas the maximum at Halbeath pond was 20.6°C. The difference in 
temperature is most likely due to Linbum pond having permanent flow, whereas 
Halbeath pond had no flow during the warm summer days its maximum temperature 
was measured. From these results in can be concluded that SUDS pond water 
temperature in Scotland (and probably most of the UK) has a low likelihood of 
causing a significant impact on the ecology of the receiving watercourse. Under the 
prevailing meteorological conditions in Scotland, ponds with permanent flows are
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less likely than stagnant waters to experience water temperatures that cause harmful 
effects in the receiving watercourse. Ponds with conditions similar to Halbeath pond 
are unlikely to have any significant outflows during hot and dry periods. However, 
pond outflow quality after a protracted dry and hot period can be significantly poorer 
than during relatively cooler weather conditions.
In sections 6.7 to 6.9, the water quality results are investigated in further detail. 
There, the water quality results are analysed on a water quality index that was 
developed to aid SUDS performance analysis. In Chapter 7, this water quality index 
is outlined in detail.
6.7 Runoff Q uality  And Pond P erfo rm ance
The water quality results from Halbeath pond, Linbum pond and Pond 7, presented 
in sections 6.1 to 6.3 and Appendix H, were analysed on the modified water quality 
index outlined in Chapter 7 and this section provides a summary of the outcomes.
The water quality index condenses water quality into a numerical system ranging 
from zero to 100, with 100 points representing the best possible water quality. Water 
quality scores can be aggregated into water quality groups, to provide an overview of 
the meaning of a certain water quality score. An example for such grouping is 
provided in Table 6-8 which includes five water quality groups. The attribution of 
the groups is based on SEPA’s river water classification scheme (SEPA, 2002).
Table 6-8: Description of water quality of certain index scores
Description Score
Excellent 100- 90
Good 89 -  70
Fair 6 9 -5 0
Poor 4 9 -2 0
Seriously polluted 1 9 - 0
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6.7.1 Halbeath Pond - Sum m ary of W ater Quality R e su lts
The mean inflow scores at Halbeath pond were around 50 points for continuous and 
event water samples, and 59 points for manually collected samples (Table 6-9). This 
indicates that runoff from the catchment was generally of poor to fair quality. The 
results for the manual sampling were generally better, as many of the samples were 
taken during dry weather flows when relatively good runoff quality would be 
expected. Results from the event sampling showed that the major water quality 
issues lay with suspended solids and conductivity, both having a mean water quality 
score of only 11 points during the 2002 sampling block (Table 6-9). In contrast, 
continuous turbidity measurements with water quality sondes returned a turbidity 
score of 96 points and manual sampling resulted in a mean TSS score of 75 (Table 
6-9). The reason for the excellent turbidity score obtained by continuous sampling 
was that this method not only measured water quality during event flows, but also 
during dry weather flows which were much longer in time and had almost no 
turbidity associated.
Table 6-9: Halbeath pond -  mean water quality scores
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Event sampling 2001
A r ith m e t ic I n le t 99 29 38 42 60 58 97 n.d. 100 50
M e a n O u t le t 100 0 97 100 79 99 n.d . n.d. 100 57
S ta n d a r d I n le t 3.69 34.08 32.33 26 .14 39 .07 43.13 8.22n.d. 0 17
d e v ia t io n O u t le t 0.00 0.00 7.24 2 .54 44.07 2.88n.d . n.d. 0 13.36
Event sampling 2002
A r ith m e t ic I n le t 99 11 11 14 n.d. 92 98 85 100 54
M e a n O u t le t 98 0 94 84 n.d. 98 92 66 100 66
S ta n d a r d I n le t 3.84 19 13 19.11 n.d. 17.99 6.66 11.23 0 8.91
d e v ia tio n O u t le t 5.15 0 10 13.94 n.d. 5.07 20.90 8.14 0 7.25
Manual sampling
A r ith m e t ic I n le t 94 3 75 89 49 84 95 n.d. n.d. 59
M e a n O u t le t 96 8 98 95 86 95 94 n.d. n.d. 73
S ta n d a r d I n le t 9.36 8.08 28.80 20 .84 37.84 18.87 14.46 n.d. n.d. 13.68
d e v ia tio n O u t le t 7.77 12.40 4 .50 11.98 11.95 11.75 18.19 n.d. n.d. 9.72
Continuous sampling
A r ith m e t ic I n le t 96 4 n.d. 96 n.d. n.d. n .d . 60 100 49
M e a n O u t le t 95 5 n.d. 98 n.d. n.d. n .d . 67 98 50
S ta n d a r d I n le t 5.61 14.65 n.d. 15.04 n.d. n.d. n .d . 18.89 0 10.80
d e v ia tio n O u t le t 7.79 10.05 n.d. 6.71 n.d. n.d. n.d. 17.73 20 12.24
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Continuous monitoring and event sampling showed that conductivity water quality 
was generally low, with less than 5 points obtained by both methods (Table 6-9).
The results for turbidity / TSS and conductivity would suggest a much lower overall 
inflow water quality score than was computed. The relatively high inflow water 
quality score was due to the dissolved oxygen and temperature scores. Dissolved 
oxygen had the highest weighting on the index and was generally good or excellent 
in this study and the score for water temperature was 100 points throughout the 
monitoring period (Table 6-9).
The data standard deviation for the overall water quality during the 2002 event 
sampling block was 9, showing that the inlet water quality was consistently poor 
(Table 6-9). The standard deviation for continuous sampling was 11 (Table 6-9), 
indicating that this sampling regime drew mainly poor to fair water quality of 
between 40 and 60 points. In comparison, standard deviations for the 2001 event 
sampling block (17) and manual sampling were larger (14) (Table 6-9). The larger 
standard deviations for the event sampling block 2001 , compared to event sampling 
in 2002 , could be due to the storm profiles, timing of sample extraction, or activities 
in the catchment. The standard deviation for manual sampling at the pond inlet was 
fairly large (14). This was expected, as the samples were a random mixture of dry 
weather and storm flows at various points in the runoff hydrograph. Manually 
sampled outlet water quality, in comparison, had a smaller standard deviation (10).
The overall mean outflow water quality for the event and continuous sampling 
regimes was only marginally better than inflow quality. This was mainly due to the 
high weighting of dissolved oxygen which, under the relatively calm outflow 
conditions, was typically lower in outflow than inflow. In addition, the outflow 
conductivity score was typically zero, also contributing to the relatively low outflow 
score. The remaining water quality parameters monitored had high scores with 
typically above 90 points and never lower than 79 points. For manual sampling, the 
combined outflow water quality score was 73 points and this higher mean was due to 
the inclusion of more parameters in the analysis, which made the dissolved oxygen 
and conductivity scores less influential on the overall score. The standard deviation 
was between 7 to 13 points, depending on the sampling regime. However, the 
smallest standard deviation was found for the event sampling block in 2002 , which
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showed that the pond not only performed well in attenuating and removing 
pollutants, but it did so consistently.
6.7.2 Linburn  Pond - Sum m ary of W ater Quality R e su lts
In contrast to Halbeath pond, dissolved oxygen was not measured at any inlet of 
Linbum pond. Runoff quality in the Linbum pond catchment was consequently not 
biased towards positive scores caused by dissolved oxygen. Nevertheless, water 
quality at all inflows, apart from inlet N1 A, was better than inflow to the Halbeath 
pond (Table 6-10 and Appendix H). Inlet N1A had by far the lowest mean overall 
water quality score and also typically the lowest scores for all single parameters 
(Table 6-10).
Table 6-10: Linburn pond -  mean water quality scores
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Event sampling 2002
A rith m etic  M ean  In  E ast 93 21 88 none n.d. 93 82 n.d. 100 67
In NE 97 3 36 none n.d. 86 85 n.d. 100 53
In  N 1A 94 28 12 none n.d. 77 61 n.d. 100 45
In NIB 99 83 28 none n.d. 92 94 n.d. 100 71
O u tlet 92 3 90 88 n.d. 84 77 n.d. 100 59
S tan d ard  d ev ia tio n  In  E ast 5.44 9.76 2 4 .36 none n.d. 12.40 11.50 n.d. 0 9 .36
InNE 9.97 11.33 21.36 none n.d. 19.76 13.91 n.d. 0 8.38
In  N 1A 17.23 32.68 17.78 none n.d. 27 .08 23 .19 n.d. 0 13.56
In NIB 2.77 26.17 23.34 none n.d. 15.79 13.43 n.d. 0 10.51
O u tlet 9.82 6 .56 12.16 15.00 n.d. 15.12 24 .03 n.d. 0 8.64
Manual sampling
A r ith m e t ic  M e a n  In  E a s t 100 4 7 7 n o n e 84 9 5 66 n.d. n.d. 63
InN E 96 4 79 none 83 93 84 n.d. n.d. 66
In  N 1 97 17 56 n o n e 45 59 54 n.d. n.d. 4 9
InN 2 94 17 67 none 60 86 76 n.d. n.d. 60
O u t le t 96 8 81 86 71 73 55 n.d. n.d. 5 4
S ta n d a r d  d e v ia t io n  In  E a s t 1.47 7 .91 3 5 .8 3 n o n e 15 .00 10 .43 2 7 .3 4 n.d. n.d. 12 .5 6
InN E 8.22 7.93 35.51 none 13.45 15.71 23.99 n.d. n.d. 9.84
In  N 1 7 .6 2 17 .77 4 0 .9 3 n o n e 4 4 .0 0 4 1 .7 8 4 1 .0 9 n.d. n.d. 2 6 .4 1
In N2 14.12 18.55 33.58 none 33.99 23.63 28.98 n.d. n.d. 18.06
O u t le t 7 .33 9 .9 6 2 4 .5 3 2 2 .4 4 3 1 .7 6 2 7 .6 3 3 7 .3 9 n.d. n.d. 16 .7 9
Continuous sampling
A rith m etic  M ean  O u tlet 90 11 n.d. 93 n.d. n.d. n.d. 57 99 42
S tan d ard  d ev ia tio n  O u tlet 15.27 8.76 n.d. 18.74 n.d. n.d. n.d. 17.72 3 .70 9.28
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From the results it is inferred that most pollutants were generated in the residential 
catchment of Linbum pond and in the Leisure park of Halbeath pond catchment. In 
contrast, the section of road draining to inlet NIB had a mean overall water quality 
score of 71 (Table 6-10). However, the results from this inlet had a fairly big 
standard deviation for event sampling (10.5) (Table 6-10), which showed that there 
were large variations in inflow water quality during runoff events. With the 
exception of inlet NIB, all inflows had low conductivity scores. In addition, TSS 
scores were typically low at all inlets apart from inlet east (Table 6-10). The lowest 
water quality score obtained by manual sampling was found at inlet N l, which was a 
composite of Nl A and NIB. There, the mean overall water quality score was 49 
points with a standard deviation of 26.4 (Table 6-10). This indicates that the water 
quality at that inlet, which was poor on average, sometimes dropped to seriously 
polluted. The main reason was normally a high BOD5 demand, often causing this 
score to be zero (Appendix H, Table H14). The cause for the high BOD5 was found 
to be infiltration of raw sewage, as discussed in section 6.5.
The scores for outflow conductivity were consistently low, typically ranging from 
zero to 17 points (Appendix H, Table HI2). In addition, outflows often had very low 
nutrient scores, with lowest values of 33 points for NH3 and zero values for P04+ 
(Appendix H, Tables H12 and H14). It is inferred from these values that nutrient 
water quality was not improved when compared to the inflows at inlets east, 
northeast and NIB. At these inlets, the mean and minimum nutrient water qualities 
were equal or better than at the outlet, and standard deviations were smaller 
(Appendix H, Tables HI 2 and HI 4). However, mean nutrient scores at inlet Nl A, 
where infiltration of raw sewage was observed, were significantly lower than at the 
outflow and had also a greater standard deviation (Table 6-10 and Appendix H,
Table H12). The biggest overall pollution loads were also consistently measured at 
inlet Nl A and the overall mean water quality score at this location was only 45 
points. Compared to this, outflow water quality was significantly better with a mean 
score of 59 points (Table 6-10). The standard deviation for continuous monitoring 
and event sampling was 9, indicating that outflow scores were fairly stable in a range 
of 50 to 70 points (Table 6-10, Appendix H, Table HI 1 and HI2). The large 
standard deviation of 17 for manual sampling was due to the small number of
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samples with large variations in nutrient and BOD5 water quality scores (Table 6-10 
and Appendix H, Table H14).
6.7.3 Pond 7 - Sum m ary of W ater Q uality R esu lts
Similarly to Halbeath and Linbum ponds, the overall mean outflow water quality at 
Pond 7 was only marginally better than at the inflows. The outflow water quality 
score was 68 points whereas water quality was 63 points at inlet southwest and 66 at 
inlet north (Table 6-11). Conductivity was the parameter with the lowest outflow 
score, having a mean of only 9 points (Table 6-11). Several pollution spills from a 
nearby building site resulted in a conductivity score of zero at inlet N. It appeared 
that the pond attenuated these spills well since the minimum pH score for outflows 
was 67 points (Appendix H, Table H I6). The standard deviation was similar for 
inflow and outflow water quality (13.3 for inlet N and outlet, and 14 for inlet SW, 
see Table 6-11), but due to the relatively small sample sizes (30 for outlet, 49 for N 
and 59 for SW, see Appendix H, Table H I6) no robust conclusions on the 
performance consistency of Pond 7 could be drawn.
Table 6-11: Pond 7 -  mean water quality scores
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Manual sampling
A rith m etic  M ean  In  S W 99 5 76 none 82 94 70 63
I n N 85 19 72 none 92 94 90 66
O u tle t 94 9 78 none 88 96 90 68
S tan d ard  d ev ia tion  In  S W 3.15 15.73 33.41 none 28 .24 13.26 26 .0 6 14.04
I n N 22.38 24.91 32 .52 none 2 .72 12.65 15.74 13.32
O u tle t 9.10 19.91 24 .43 none 10.95 9.18 17.80 13.33
6.8 Halbeath Pond - W ater Q uality During Runoff E v e n ts
Figure 6-1 and Figure 6-2 illustrate the behaviour of water quality parameters at the 
inflow and outflow of Halbeath pond. From these graphs it is clear that pollutants 
are either removed or attenuated in the pond. The results shown in these figures 
were translated into water quality ratings and combined to give the overall inflow 
and outflow water qualities shown in Figure 6-17.
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Figure 6-17 shows three rainfall events with the resulting flows and water qualities at 
the pond inlet and outlet. From the graph it is evident that inflow and outflow water 
quality scores do not follow a clear trend in relation to rain depths and intensities.
The average water quality score is similar for both locations and during rainstorms 
the water quality score is often better at the inlet than at the outlet. On closer 
investigation it can be seen that inflow water quality deteriorated at the start of runoff 
events. This was typically caused by high turbidity / TSS and soluble pollutants 
(Figure 6-2). The inflow water quality typically improved with the rising 
hydrograph, mainly due to good dissolved oxygen saturation in the turbulent flow 
(Figure 6-2). Near the peak of a runoff event most water quality parameters had 
significantly improved, except TSS, which typically deteriorated with higher flows.
In contrast, outflow pollutant concentrations were relatively stable and changes in the 
overall water quality were strongly influenced by dissolved oxygen saturation.
The comparatively poor outflow score was due to the weighting of particular water 
quality parameters and this weighting merits discussion. The SDD water quality 
index assigns the greatest importance to dissolved oxygen concentrations (Table
7-1), which was greatest in the inflow during runoff events when flow was turbulent. 
In contrast, the calm conditions in the pond outlet chamber resulted in lower 
dissolved oxygen levels. The strong weighting of dissolved oxygen made the index 
less sensitive to changes in other important water quality parameters, such as TSS. 
The impact of the SDD’s water quality parameter weighting on its application to 
SUDS is discussed in detail in section 7.3.
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Figure 6-17: Inflow and O utflow  w ater quality at Halbeath Pond
(N.B. -  compare with Figure 6-1 and Figure 6-2)
Inflow and outflow characteristics of each water quality parameter monitored were 
closely investigated to analyse the performance of Halbeath pond in removing and 
attenuating storm water pollutants, and the results were as detailed in section 6.8.1.
6.8.1 Detailed C o n sid eratio n s Of In fluences On W ater Q ualities At 
Halbeath Pond
The graphs presented in Figure 6-18 to Figure 6-24 show inflow and outflow water 
quality scores for typical runoff events. Water quality performance results from 
continuous inflow monitoring are shown in Figure 6-18 and, for better resolution of 
water quality performance, details of Figure 6-18 are shown in Figure 6-19 and 
Figure 6-20. The pond’s changes in outflow water quality during the time of the 
inflow events are shown in Figure 6-21. Overall runoff and pond outflow water 
quality performance results from event sampling are shown in Figure 6-22. Figure 
6-23 shows all in detail water quality parameters included in the overall inflow water 
quality score. Similarly, Figure 6-24 shows all water quality parameters included in
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the overall outflow water quality score. Figure 6-26 shows pond water quality 
during warm summer days -  the relationship between dissolved oxygen and pH is 
particularly noteworthy. The pond’s capability in attenuating ammoniacal nitrogen is 
shown in Figure 6-25.
The graphs in Figure 6-18 to Figure 6-21 and Figure 6-23 to Figure 6-26 provide 
evidence that dissolved oxygen had a strong influence on the overall water quality 
score. Yet, inflow DO scores were dependent on inflow rates, with lowest scores 
during dry weather flows and best near the peak of the runoff hydrograph (Figure 
6-18 and Figure 6-19). After cessation of a runoff event, the water quality score 
remained above the level prior to its start, and it took several hours for each 6% drop 
of the score (Figure 6-18 to Figure 6-20). Overall, outflow DO scores appeared to be 
improving when flows increased, although no definite correlation between these two 
parameters could be determined. Sometimes DO scores were lowest at the start and 
during large runoff events (Figure 6-21 and Figure 6-24). This was probably caused 
by the mobilisation of poorly oxygenated layers near the bottom of the pond.
Diurnal factors appeared to have a slight influence on DO scores during dry weather 
flows in the plant growing season, with highest scores around sunset and lowest 
around sunrise (Figure 6-26). Diurnal influence was never observed during months 
with no plant growth.
Figure 6-18: Continuously m onitored inflow WQ scores at Halbeath pond
During dry weather, inflow turbidity and TSS were normally at the highest score 
possible (Figure 6-18 and Figure 6-19). Both, turbidity and TSS scores typically
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dropped sharply at the beginning of runoff events, were minimum at the peak of the 
hydrographs, and then improved (Figure 6-18 and Figure 6-20). The magnitude of 
the drop in water quality was mainly dependent on the time interval between the 
rainfall event under investigation and the preceding rainfall event, the relative 
intensity and duration of the event under investigation and its preceding event, and 
activities in the catchment. For example, runoff events that followed a preceding 
event within a few hours and were relatively less intense did not usually cause a drop 
in the turbidity and TSS scores (Figure 6-19), whereas runoff events that occurred 
several days after the preceding event typically resulted in a zero water quality score 
(Figure 6-23).
Halbeath Pond - Flows and In flow  WQ Scores o f Continuously M onitored
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Figure 6-19: Halbeath pond - detail 1 of Figure 6-18
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Figure 6-20: Halbeath pond - detail 2 of Figure 6-18
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At the start of runoff events, deterioration of turbidity was typically much more 
pronounced than deterioration of TSS. This could have been caused by fine particles 
being washed off surfaces earlier and transported faster than heavier solids. In 
contrast to inflows, outflow turbidity and TSS water quality remained fairly stable at 
the highest score and only dropped one to two points (of the maximum of seven) 
during prolonged and pronounced runoff events (Figure 6-21 and Figure 6-24).
Halbeath Pond - F lows and O utflow  WQ Scores o f Continuously M onitored
Series
" " -O utflow  WQI —+ Turbidity Conductiv ity-------- DO pH ...Temperature--------- O utflows
Figure 6-21: Continuously monitored outflow  WQ scores at Halbeath pond
The inflow conductivity score appeared to depend mainly on flow volume. During 
dry weather flows and runoff events with flow rates of less than 5 l/s the score was 
always zero. The conductivity score typically started to improve during runoff 
events with flow rates of more than 5 l/s, reaching its event maximum score with the 
peak of the hydrograph and falling to lower values with the receding hydrograph 
(Figure 6-18 to Figure 6-20 and Figure 6-23). The outflow conductivity score was 
zero throughout the monitoring period (Figure 6-21, Figure 6-24 and Figure 6-26). 
The water quality performance of conductivity was similar throughout the year and it 
appears that it was only improved by dilution (i.e. large runoff volumes typically 
resulted in a slight improvement of water quality score).
Inflow pFI remained typically at or near best score during both dry weather flows and 
runoff events (Figure 6-18 to Figure 6-20 and Figure 6-23). pH was always alkaline 
when drops in water quality score were observed and these drops occurred usually 
around the peak of the runoff hydrograph (Figure 6-19). Outflow pH water quality 
was typically at highest score (Figure 6-21 and Figure 6-24).
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Halbeath Pond - Flows and Overall WQ Scores During Event Sampling
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Figure 6-22: Event sam pled inflow and outflow  water quality at Halbeath Pond
When nutrients were present, runoff generated by rain events of low intensity and 
depth had typically the strongest impact on the water quality scores for these 
parameters. Runoff from rain events of greater intensity and depth normally had 
only a slight decrease in nutrient water quality (Figure 6-23). Outflow water quality 
was typically at best score for P04+ (Figure 6-24). Flowever, two event samples had 
concentrations that caused the water quality score to drop to one point (of 8), and in 
several manually collected samples, high P04f concentrations caused the water 
quality score drop to zero (Appendix H, tables H6 and H8). Both of the outflow 
events with poor water quality scores could be linked to elevated P04+ inflow. The 
performance of the pond was such that inflow NFI3 concentrations of 19 mg/1 
(strength of raw sewage) had little impact on outflow concentrations (Figure 6-25).
Halbeath Pond - Flows and In flow  WQ Scores during in flow  event on
23/02/02
1 Inflow WQI TSS Conductivity — — DO pH
— — Temperature ------- NH3 P04+ -------- Inflow s
Figure 6-23: Event sam pled inflow W Q scores at Halbeath pond
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Halbeath Pond - Flows and Outflow WQ Scores During Event Sampling
Outflow WQI ■ H— TSS Conductivity ---------DO pH
....  -  Temperature —  NH3 P04+ -------- Outflow s
Figure 6-24: Event sampled outflow  W Q scores at Halbeath pond
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Figure 6-25: Halbeath Pond - inflow  and outflow NH3 concentrations
The inflow water quality score for temperature was always at maximum. At the 
outflow, water quality for this parameter only dropped from the maximum score 
during a few warm days in summer (Figure 6-26).
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Halbeath Pond - Outflow WQ Scores During Warm Summer Period
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Figure 6-26: W Q behaviour during three warm  sum m er days at Halbeath Pond
Analysis of overall water quality scores obtained by continuous monitoring and event 
sampling showed significant differences in the results for inflow and outflow water 
quality (Figure 6-17 and Figure 6-22 and Appendix H, Tables H2, H4, H6). This 
was because the continuous monitoring accounted for fewer parameters and it was 
biased towards the DO water quality score. This bias often resulted in a calculated 
inflow water quality that was better than at the outflow (Figure 6-17). Event 
sampling encompassed more parameters, including nutrients which have a strong 
weighting in the SDD water quality index (NH3 12 points and P04+ 8 points). The 
greater number of parameters and the strong weighting of nutrients reduced the bias 
towards DO water quality scores and resulted in outflow water quality that was 
always better than inflow quality (Figure 6-22; compare also Figure 6-17 and Figure 
6-22).
6.8.2 Sum m ary Of Halbeath W ater Q ualities And C atchm ent In flu e n ce s
Water qualities at Halbeath pond and catchment influences on runoff qualities were 
investigated and can be summarised as follows:
TSS and turbidity were strongly influenced by construction activities in the 
catchment and were typically worst when site traffic brought soil from site onto the 
roads. Outflow qualities for TSS and turbidity sometimes declined by 14-28% 
during prolonged runoff events. The declines in water quality did not follow a
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particular pattern and were probably due to larger flows through the pond that caused 
solids from runoff to stay longer in suspension and pond sediment to be re­
suspended. Small runoff events never caused a decline in the outflow score.
Runoff was typically slightly alkaline and variations in pH water quality appeared to 
be entirely dependent on activities in the catchment. Some of the deteriorations in 
water quality were probably caused by pollution being released from building sites as 
they occurred at times when cement in runoff was observed. At the outlet, most 
declines in pH water quality could be linked to poor quality at the inlet. However, 
during the summer days shown in Figure 6-26, pond water pH was apparently 
influenced by DO levels which varied due to plant respiration. Closer investigation 
showed that pond water was typically alkaline (Figure 6-2) and that alkalinity levels 
replicated the shape of the DO saturation graph. When pH water quality was below 
maximum, outflow rates from the pond were never greater than 0.1 1/s.
Chloride was typically present in significant quantities after salt for surface de-icing 
was applied in the catchment. At the outflow, chloride scores appeared to be 
dependent on dilution in the pond and were highest during high flow rates and lowest 
during dry weather flows.
Inflow and outflow conductivity was typically high and no obvious explanation 
could be found, but it may have been that some groundwater with high ion content 
infiltrated into the drainage system. Similar to chlorides, the highest runoff 
conductivities were measured after salt was applied in the catchment.
DO at the pond inlet was dependent on flow rates, with turbulent flows during runoff 
events being rich in DO and dry weather flows containing much lower levels. DO 
water quality at the outlet was also typically dependent on flow rates. However, DO 
water quality often deteriorated significantly at the start of outflow events, probably 
due to poorly oxygenated water layers at the bottom of the pond being displaced to 
the outflow (the outflow pipe of Halbeath pond is near the pond bottom). During 
low flows in the plant growing season, pond DO appeared to be also influenced by 
plant respiration, with highest values before sunset and lowest before sunrise.
Inflow temperature was always below 17.4°C and therefore always at highest quality. 
Pond outflow exceeded 17.4°C only on 5 to 10 days during the months of July and
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August. These results indicate that water temperature is of no importance for 
measuring the performance of SUDS in Scotland and should be eliminated from the 
index.
The nutrients NH3 and P04+ did not follow a pattern but appeared to be dependent on 
certain activities in the catchment. For example, work in the catchment that involved 
movement of soil and deposition of soil on impermeable surfaces coincided with 
elevated nutrient levels and hence low inflow water quality for these parameters. 
Dilution also played a significant role in terms of runoff water quality, as outlined in 
section 6.8.1. It was also shown in section 6.8.1 that outflow water quality was 
typically at highest score. There were two declines in NH3 outflow scores, but these 
could be clearly linked to high NH3 levels in the inflow.
A comparatively small number of BOD5 samples were taken manually. From these 
samples it appeared that BOD5 water quality deteriorated as businesses opened in the 
leisure park. In 2000, all inflow samples had BOD5 concentrations of less than 8  
mg/1, whereas in 2001 several samples were above 10 mg/1 and the maximum BOD5 
was 38 mg/1. Outflow BOD5 concentrations were always within a range of 1 -  3.5 
mg/ 1  and deteriorations in water quality could be directly traced to high values at the 
inflow.
The behaviour of the water quality parameters investigated is summarised in Table 
6-12.
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Table 6-12: Halbeath Pond: Performance of Water Quality Parameters in Inflow and
Outflow
Location & 
Parameter Best score Worst score Comments
Inflow pH
At best score 
almost throughout 
monitoring period.
Typically at best score. 
Few events with 
deteriorations near peak 
of runoff hydrograph.
Typically slightly alkaline.
WQ deterioration entirely 
dependent on activities in 
catchment (i.e. pollution spills).
Outflow pH
At best score 
almost throughout 
monitoring period.
Typically at best score. 
Few events with 
deterioration of WQ score
All drops in pH WQ could be 
linked to elevated inflow alkalinity 
and occurred at outflows o f <0 .11/s
Inflow TSS 
and
turbidity
During dry 
weather flow.
At hydrograph peak. 
Turbidity often shortly 
before hydrograph peak.
Influenced by:
1. Time to preceding event.
2. Profile of preceding event.
3. Activities in catchment.
At onset of runoff event, turbidity 
WQ deterioration typically more 
pronounced than TSS, due to high 
load of fines.
Outflow 
TSS and 
turbidity
During dry 
weather flow.
During prolonged runoff 
events with high flow 
rates.
WQ score dropped 14-28% from 
maximum score during prolonged 
runoff events without following a 
typical pattern.
Inflow
chloride
At end of runoff 
event.
Typically at start of runoff 
event.
Mainly present after application of 
road grit and salt in the catchment.
Outflow
chloride
During runoff 
events with high 
flow rates.
During dry weather flow.
Inflow
conductivity
At hydrograph 
peak (> 51/s). During flows of < 5 1/s.
WQ score was usually zero and 
improved only during flows > 5 1/s.
Outflow
conductivity Not applicable. Always at score zero
Inflow DO
At or near 
hydrograph peak 
(always on side of 
rising limb of 
hydrograph).
During dry weather flows.
Saturation curve followed peaks 
and troughs of hydrograph.
DO remained elevated after runoff 
events and took several hours for a 
6% drop toward lower levels.
Outflow
DO
Generally during 
large runoff events 
(no robust 
correlation).
Generally during dry 
weather flow or no flow 
(no robust correlation).
No robust correlation between 
flows and DO WQ.
WQ often deteriorated significantly 
at start of outflow events.
During growing season, slightly 
influenced by diurnal factors with 
best DO WQ before sunset and 
lowest before sunrise.
Inflow
temperature
At best score 
throughout 
monitoring period.
Not applicable.
Outflow
temperature
At best score 
almost throughout 
monitoring period.
During summer days 
(Jul/Aug) WQ score drop 
up to 40%.
Best WQ score for temperatures 
below 17.4°C. Temperature was 
exceeded each year on 5 to 10 days 
during the months of Jul/Aug.
Inflow 
nutrients - 
NH3 and 
P 04+
Typically at end of 
runoff event
Typically at start of runoff 
event
NH3 concentrations dependent on:
1. Activities in catchment between 
rainfall events.
2. Intensity and depth o f rain events 
(i.e. highest concentrations during 
low intensity, low depth rainfall 
events that produced little runoff)
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Location & 
Parameter Best score Worst score Comments
Outflow 
nutrients - 
NH3 and 
P 04+
NH3 at maximum 
score almost 
throughout 
monitoring period 
P 04+ at maximum 
score throughout.
NH3 during two isolated 
events
Elevated outflow concentrations 
could be linked to high inflow 
nutrient concentrations.
Inflow concentrations of > 200 
mg/1 NH3 did not have significant 
impact on outflow NH3 WQ
Inflow
b o d 5
During year 2000 During year 2001
Manual sampling regime only. 
Concentrations increased in 2001, 
when Leisure Park was populated 
and restaurants opened. Max cone, 
of 38 mg/1
Outflow
b o d 5
During year 2000 During year 2001
Manual sampling regime only. 
Water quality in 2000 more 
consistent than in 2001. 
Concentrations consistently low 
(max cone, o f 3.5 mg/1)
Table 6-12 continued
6.9 Linburn Pond - W ater Q uality During Runoff E v e n ts
Figure 6-3 to Figure 6-7 in section 6.2 showed the behaviour of water quality 
parameters at the inflow to and the outflow from Linbum pond. As with Halbeath 
pond, it is evident from these graphs that pollutants are either removed or attenuated 
in the pond. The results shown in these figures were translated into water quality 
ratings and combined to give the overall water quality for inflows and the outflow 
shown in Figure 6-27. No DO saturation was measured during the period shown in 
Figure 6-27 and the overall water quality scores were therefore not biased towards 
this heavily weighted parameter.
Figure 6-27 shows that the outflow water quality score was fairly stable. Outflow 
water quality often deteriorated during event flows, although there was no fixed 
pattern to this, and was typically best towards the end of an event. The graph also 
shows that water quality of outflow was better than for inflow northeast, which 
carried the highest flow volumes. Typically, outflow water quality was significantly 
better than inflow quality at N1A and NIB. However, as is also shown in Figure 
6-27, the onset of sampling at inlets N1A and NIB was at the end of the first of two 
runoff events, when the most polluted runoff had already passed and water quality 
did not deteriorate significantly during the second runoff event. Water quality at 
inlet east was typically better than outflow quality during dry weather but could 
deteriorate significantly during mnoff events.
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Figure 6-27: Inflows and outflow  w ater quality at Linburn Pond
The characteristics of water quality parameters at each location were closely 
investigated to analyse the performance of Linburn pond in removing and attenuating 
storm water pollutants and the results are as detailed in section 6.9.1.
6.9.1 Detailed C o n sid eratio n s Of In fluences On W ater Q ualities At 
Linburn Pond
The graphs presented in Figure 6-27 show the overall water qualities at the pond 
inlets and the outlet. The variations in water qualities at each of the inlets and the 
pond outlet are shown in Figure 6-28 to Figure 6-33. All of these figures, except 
Figure 6-31, show the same sampling period as in Figure 6-27. Figure 6-31 shows 
additional data from inlet N1 A. The additional information for inlet N1A was 
necessary as the data shown in Figure 6-27 and Figure 6-30 were collected towards 
the end of the first of two runoff events, when most pollutants had passed and water
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qualities were therefore better than typical. All of the presented figures are based on 
event sampling results and are typical in terms of runoff and pond outflow qualities.
Figure 6-28 shows that TSS quality at inlet east was normally at best score during 
dry weather flows and deteriorated significantly at flow rates above 1.7 1/s. Inflow 
water quality scores from the developed areas (NE, N1A and NIB) reduced to zero 
for some of the time of most runoff events. However, Figure 6-29 to Figure 6-32 
show that the three inlets differed in their patterns of water quality deterioration. 
Inflow at inlet northeast normally arrived in several distinct sequences and TSS there 
typically deteriorated with the first flow arriving, improved towards the end of the 
first sequence and deteriorated again with the second (Figure 6-29). Scores at inlet 
N1A were typically zero throughout runoff events (Figure 6-30 and Figure 6-31). In 
contrast to inflows, outflow TSS was fairly stable and typically at or just below best 
score (Figure 6-33). Significant deterioration of outflow TSS was often observed at 
flows above 25 1/s and during a few events with flows of more than 100 1/s the TSS 
score was zero.
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Figure 6-28: Linburn Pond inlet east -  event sam pled W Q scores
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At inlets northeast and N1A, the conductivity water quality was typically zero during 
runoff events with low flow rates (Figure 6-29 and Figure 6-31) and improved to 
maximum around the event peaks with relatively large flow rates (Figure 6-30). In 
contrast, the conductivity score at inlet NIB was typically good and only deteriorated 
during few events, then typically with the declining limb of the runoff hydrograph 
(Figure 6-32). Conductivity at inlet east was normally at one point (Figure 6-28), 
except during a few events when the water quality improved to two points. The 
improvements in water quality scores at this location did not follow any obvious 
pattern. For outflows, the conductivity score was typically zero (Figure 6-33), except 
during some events with outflow rates of more than 25 1/s. During these flow events 
the water quality score was one point at some time during the runoff hydrograph.
Linburn pond, In let NE - Flows and W Q  Scores During Event
100
80
2>
o 60o
inO 40
5
20
a F
1 "7 V  , -
poo •tAAAA --
AAA5rAAA —
X  pH
Temperature
Combined WQI’
NH3 \  — e-
■ Conductivity 
■P04+
2/5/02 2/5/02 2/5/02 2/5/02 \  2/5/02 2/5/02 2/5/02 2/5/02
11:31 12:08 12:46 13:23 14:00 14:38 15:15 15:53
160
140
120
d 100 w 
80 § 
60 5= 
40 
20 
0
-A---- TSS
------- flow (l/s)
1 oo
90
i i :oi i i:oz m iz:oo \z:o( io: ia io:4U I4:uz 14:^ 4 14:40
X  pH -  Combined WQI
temperature NH3 — e-----F04+ ' ----------- flow (l/s)
■Conductivity -A----TSS
Figure 6-29: Linburn Pond inlet northeast -  event sam pled WQ scores
The pH scores at inflows NE and NIB were typically at best score (Figure 6-29 to 
Figure 6-31). However, a few samples at inlet NE (7 of 122) and NIB (3 of 121)
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scored one point below maximum. At inlet N1 A, 20 of 146 samples were below best 
water quality. The samples with low water quality scores were mainly associated 
with a single event that yielded 11 samples, all below best score and 6 samples 
scoring only 3 or 4 of the maximum possible 9 points. At inlet east, the pH score 
was typically stable at one point below maximum except during storm flows where 
the quality improved to best score (Figure 6-28). pH was always slightly alkaline 
when drops in water quality occurred. Outflow pH was typically stable and at best 
score almost throughout 2001 (Figure 6-33). pH became slightly more alkaline 
towards the end of 2001 and by April 2002 the pH was such that its score sometimes 
dropped by one point.
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Nutrient water quality at inlet east was typically stable and NH3 was typically at 
maximum score, whereas P04f was typically one point below maximum (Figure
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6-28). Nutrients were not always present at inlet northeast in measurable quantities. 
If nutrients were present, the water quality score at this location usually deteriorated 
most with the second and the last peak of the runoff hydrograph. Nutrient water 
quality at inlet NIB was typically at best score (Figure 6-32) and nutrient 
concentrations were often below measurement detection limits. At this inlet, nutrient 
water quality only deteriorated during some events and by only one point. At inlet 
N1A there were wide variations in nutrients water quality. These variations did not 
have a specific pattern and the score often deteriorated to zero (Figure 6-30 and 
Figure 6-31). Nutrients in the outflow were present in measurable quantities during 
most of the sampling period, resulting in dry weather water quality scores that were 
often one or two points below maximum for both NH3 and P04+ (Figure 6-33). The 
outflow water quality for NFf sometimes dropped to 4 points during runoff events 
with high flows and during one event to 1 point for P04+.
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DO water qualities at the inlets were not assessed and outflow DO quality was 
typically best at flows of more than 80 l/s. Water quality was often lowest during 
flow rates of between 25 and 80 l/s.
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6.9.2 Summary Of Linburn W ater Qualities And C atchm ent Influences
Water qualities and catchment influences at Linburn Pond can be summarised as 
follows:
As at Halbeath pond, construction activities had an impact on runoff qualities which 
was noticeable at inlets NE and NIB. At inlet NE, TSS water quality deteriorated 
most with the second peak of the runoff hydrograph (Figure 6-29), which originated 
at a section of road that serviced site traffic. The catchment of inlet NIB was also 
frequented by site traffic and the TSS water quality score was frequently zero. From 
visual observations it was obvious that site traffic deposited considerable amounts of 
soil on the roads of these two catchments. The poor TSS water quality at inlet N1A 
was caused by several factors. It was obvious from material deposited around this 
inlet that domestic sewage infiltrated this part of the drainage system, contributing
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suspended solids of organic content. During visual inspections, soil was often found 
on roads. Some of the soil may have originated from private gardens while the 
remainder was probably material on the tyres of vehicles coming from areas of the 
catchment were soil from construction sites was lying on the roads. At inlet east, the 
slight TSS water quality deterioration during heavy rainstorms was most likely 
caused by dislodged soil particles that were transported into the field drainage by 
interflow. The consistently good outflow TSS water quality during most storm 
events indicates that the pond performed well in removing TSS (Figure 6-33). 
However, the water quality score deterioration during flows above 25 1/s also 
indicates that pond sediment was probably re-suspended during high flows.
During the monitoring period, inflow pH reduced significantly only during one event 
at inlet N1A (3 out of 9 points). This was obviously caused by a pollution event, as a 
strong smell of detergents was detected at this inlet at the time of this event. No 
robust explanation for the improvement of pH water quality with high flows at inlet 
east could be found, but it is likely that during rainfall events water with low pH 
from one of the many disused mine shafts in the area found its way into this inlet and 
the resulting mixture was of more neutral pH. No obvious explanation for the slow 
rise of pond water alkalinity over the monitoring period could be found.
The key factors governing the conductivity score at inlets NE, N1A and NIB 
appeared to be ion wash-off and their dilution in the runoff (i.e. with duration of rain 
progressing most of the ions are washed-off and water quality improves as less ions 
are available). The ions originated most probably from soils deposited on roads. 
However, conductivity values were particularly high in runoff during cold winter 
days when road salt was applied and chloride concentrations were higher than 
typical. At inlet N1 A, owing to sewage contamination, the ions could in part also 
originate from domestic sources. Conductivity water quality at inlet east was most 
likely influenced by a combination of available ions from nutrients, chlorides, 
suspended solids and metals. In the pond sediments around the inlets, an average 
iron content of 47 g/kg sediment was found by Heal et al (2006). It appeared that the 
outflow conductivity was mainly influenced by dilution, i.e. water quality typically 
improved with flow rates.
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The deterioration of outflow DO at flow rates between 25 and 80 1/s was probably 
due to the mobilisation of poorly oxygenated layers near the bottom of the pond 
during these flow rates. Outflow water quality was always at best score during flow 
rates of more than 80 1/s. During these flow rates, flow was turbulent allowing 
sufficient re-oxygenation to offset the effect of the poorly oxygenated layers. As at 
Halbeath pond, DO water quality during warm and dry summer days was slightly 
influenced by diurnal factors with best scores just before sunset and lowest around 
sunrise.
Pond water temperature was almost always below 17.4°C, which on the SDD index 
(1976) is the cut-off point for best water quality. Again, these results indicate that 
water temperature is of no importance for measuring the performance of SUDS in 
Scotland and could be eliminated from the index.
Nutrient water quality at inlet east was influenced by agricultural activities and, 
although typically good, deteriorated by 50% during one event that occurred after 
slurry was spread on the field. The pattern of nutrient water quality behaviour at 
inlet NE suggests that most nutrients came from the middle and the most upstream 
reaches of the catchment. The nutrients most likely originated from soil disturbed by 
construction work in the middle of this catchment, organic waste as well as fertiliser 
from the planted areas of the leisure park, and from the undeveloped area next to the 
leisure park where soil was stored. The wide variations and often poor nutrient water 
quality at inlet N1A were mainly due to infiltration of domestic sewage into this part 
of the drainage system. Infiltration of domestic sewage was evident by material 
deposited around the inlet. Deteriorations in outflow nutrient score could not be 
directly related to poor water quality at the inlets as not all inflow events were 
captured. However, as the pronounced drops exclusively occurred during outflow 
events with high flow rates, the most likely cause was that the sediment layers in the 
pond were disturbed and nutrients buried in the sediment were re-suspended.
Manual sampling yielded a comparatively small number of BOD5 samples. With the 
exception of inlet N l, all inflow samples had typically low concentrations which 
were within a range of 1 -  3 mg/1, although a maximum concentration of 17 mg/1 was 
found at inlet N2. BOD5 water quality varied only slightly over the sampling period
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and no obvious pattern or cause for these variations could be found. From February 
2001 onwards, BOD5 water quality periodically deteriorated due to inflow of 
domestic sewage. This had no fixed pattern and originated from the emergency 
overflow of a pumping station near Linbum pond. From start of sampling, in June 
2000, to February 2001 outflow BOD5 water quality was typically within a range of 
1 - 3  mg/1. From February 2001 onwards, outflow water quality was subject to 
periodic deterioration. The cycles of deterioration occurred at the same time as high 
BOD5 concentrations were measured at inlet N 1. The pond appeared to perform well 
in attenuating BOD5, as the highest measured outflow value was 12 mg/1 while the 
highest value at inlet N1 was over 230 mg/1.
The behaviour of the water quality parameters investigated is summarised in Table 
6-13.
Table 6-13: Linburn Pond: Perform ance o f W ater Q uality Param eters in Inflow s and
O utflow
Location & 
Parameter Best score Worst score Comments
Inflow pH
At NIB best score 
prevailed almost 
throughout 
monitoring period. 
At all other 
inflows during 
runoff events.
At E during dry 
weather flow.
At all other inflows 
during few isolated 
events with WQ 
deteriorations after 
runoff peak.
At all inflows typically slightly alkaline. 
All WQ deteriorations caused by elevated 
alkalinity for which no obvious source 
could be traced (all inlets).
Outflow pH No specific pattern. No specific pattern.
All deteriorations of pH WQ were caused 
by elevated alkalinity. No obvious 
pollution source could be determined. In 
2001 almost always at best score. In 2002 
sometimes one point below best score due 
to elevated alkalinity.
Inflow TSS 
and
turbidity
At E during flows 
of <1.7 1/s.
At NIB during dry 
weather flows and 
at start of runoff 
events.
A tN E& NIA  
generally poor, 
improved few 
times at flow peaks
At E during flows 
of >1.7 1/s.
Inflow NIB at 
declining limb of 
hydrograph. 
NE&N1A  
generally poor 
throughout runoff 
events.
At E WQ fluctuated between 100% and 
14% during a 7-day runoff event.
At NE inflow WQ deteriorated at end of 
first inflow wave and was probably caused 
by construction in middle section of 
catchment.
At NIB inflow WQ deteriorated with 
declining limb of hydrograph, most 
probably caused by same construction site 
that was responsible for WQ drop at NE.
Outflow 
TSS and 
turbidity
During dry 
weather flow.
During outflow 
events of >100 1/s
During dry weather flow typically at best 
score. During outflow events of >25 1/s 
<100 1/s often WQ drop of 14-28%. 
During outflow events of >100 1/s WQ 
score sometimes deteriorated to 0%.
Inflow
chloride
At end of runoff 
event.
Typically at start of 
runoff events.
Typically present during cold days, when 
road de-icer was applied in the catchment.
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Location & 
Parameter Best score Worst score Comments
Outflow
chloride
During runoff 
events with high 
flowrates o f>100 
1/s.
During dry weather 
flow.
Inflow
conductivity
At NIB good WQ 
prevailed almost 
throughout 
monitoring period. 
At all other 
inflows during 
runoff events.
At NIB typically 
with declining limb 
of runoff 
hydrograph.
At all other inflows 
during low flow 
runoff events and 
dry weather flows.
At NIB inflow WQ deteriorated with 
declining limb of hydrograph, most 
probably caused by construction work in 
the upper catchment reaches.
At inflows NE & N1A, WQ was usually 
zero and improved only slightly during 
few runoff events.
At inlet E, conductivity usually at one 
point but improved to two points during 
some storm events; probably influenced 
by combination of chlorides, nutrients and 
TSS.
Outflow
conductivity
During flows of 
>25 1/s.
During flows of 
<25 1/s.
Inflow DO Not assessed Not assessed
Outflow
DO
During flows of 
>80 1/s.
During flows >25 
1/s <80 1/s.
No correlation between WQ and dry 
weather flows and no robust correlation 
between WQ and flows of « 2 5  1/s.
During growing season, slightly 
influenced by diurnal factors with best DO 
WQ before sunset and lowest before 
sunrise.
Inflow
temperature At maximum score throughout 
monitoring period.
Not applicable.
Inflow temperature was not measured. 
Temperature o f <17.4°C was assumed for 
all runoff events
Outflow
temperature
At maximum score 
throughout 
monitoring period.
Not applicable.
Outflow temperature was not measured. 
Temperature o f <17.4°C was assumed for 
all runoff events
Inflow 
nutrients - 
NH3 and 
P 04+
AtE&N IB,  
nutrients WQ was 
good almost 
throughout 
monitoring period. 
AtNE & N1A no 
specific pattern for 
nutrients WQ.
At all inlets no 
specific pattern 
nutrients WQ.
Inflow E, P 04+ typically 12.5% below 
maximum WQ. Improved to maximum 
once, after 7-day rainfall event. At same 
location, NH3 typically at best score. 50% 
decline after slurry spreading on field, 
taking several rainfall events to recover. 
Inflow NE, when nutrients were present 
WQ typically deteriorated with the third 
inflow peak, indicating source in the upper 
catchment reaches.
Of all inflows N1A had the poorest 
nutrients WQ of all, probably caused by 
domestic sewage.
Inflow NIB nutrients WQ was typically at 
best or one point below best score.
Random pattern o f WQ deteriorations 
random and improvements.
Outflow 
nutrients - 
NH3 and 
P 04+
During dry 
weather flows.
During rising and 
falling limb large 
outflow 
hydrographs
Measurement programme did not allow 
the drawing o f robust conclusions on 
nutrient attenuation in the pond and all 
sources. However, large nutrient inflows 
were recorded at inflow N1 A, probably 
caused by domestic sewerage. Large 
runoff events were likely to suspend 
nutrients in pond sediment.
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Location & 
Parameter Best score Worst score Comments
Inflow
b o d 5
At inlet N1 during 
year 2000.
No fixed patterns 
at inlets E, NE & 
N2
At inlet N1 from 
Feb 2001 onwards. 
No fixed patterns at 
inlets E, NE & N2
Manual sampling regime only. At inlet 
N 1 periodic sewage infiltration from Feb 
2001 onwards with no fixed pattern, from 
overflow of pumping station. Max 
concentrations (mg/1): E = 3.1; NE = 4.8; 
N1 = >230; N2 = normally <8 but 1 
sample with 17
Outflow
b o d 5 During year 2000
From Feb 2001 
onwards
Manual sampling regime only. From Feb 
2001 onwards periodic deterioration of 
WQ which was directly linked to high 
cone, at inlet N l. Max cone. = 12 mg/1
Table 6-13 continued
6.10 Im plications O f W ater Quality R e su lts
The results from water quality and sediment analysis, presented in this chapter, have 
implications on future best practice on SUDS pond design and these are outlined 
below.
With the exception of nutrients, for which pond performance was inconclusive, the 
water quality data clearly show that the three ponds under investigation performed 
well in attenuating and removing pollutants. This was evident from water quality 
data of the ponds’ inflows and outflows and from sediment data collected by Heal 
(2004). In addition, the data showed that outflow pollutant concentrations, which are 
of key importance for SUDS, were generally stable and typically of low 
concentrations.
In view of the water quality results presented in this chapter, especially the good 
removal rates for TSS, it could be argued that the ponds are over dimensioned if 
water quality improvement is the sole driver for their dimensioning. Halbeath and 
Linbum ponds had mean TSS outflow concentrations of 7 mg/1 and 12 mg/1 
respectively and except during a few large outflow events the maximum 
concentrations remained below 30 mg/1 (Table 6-1, Table 6-2 and Appendix H, 
Tables H5 and H10). The ponds in Duloch Park were designed to provide 3 
treatment volumes (3 Vt) for the rain depth of the 90 percentile storm, which was 
calculated as 11.5 mm. The data strongly suggest that good TSS outflow quality
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could have been achieved with smaller pond volumes. It is entirely possible that this 
argument is also valid for SUDS ponds in other locations in Scotland.
The different rates and patterns of sedimentation in the three ponds, as found by Heal 
(2004) and outlined in section 6.4, strongly indicate that effective energy dissipation 
at pond inlets is an efficient way of minimising the effort required for removing pond 
sediments. This was highlighted when the sedimentation patterns of Halbeath and 
Linbum ponds were compared. Little energy dissipation was provided at the inlet to 
Halbeath pond and Heal (2004) found that 5 years into the life of the pond sediments 
started to migrate from the sedimentation pond into the main pond. Dense vegetation 
was growing around all inlets at Linbum pond, providing effective energy dissipation 
for incoming runoff, and it was found (Heal, 2004) that most of the sediments were 
deposited in the pond’s sedimentation section within 10 metres from the pond inlets 
(section 6.4).
Concerning protection of SUDS ponds from sedimentation, the runoff data and 
visual observations at Duloch Park led to the conclusions that pre-settling facilities 
can significantly reduce the rate of sedimentation in SUDS ponds. In the Linbum 
pond catchment, detention basins acted as ‘pre-settling’ facilities.
In terms of metal accumulation in pond sediments, Heal (2004) found that, 
unusually, most metals were associated with sediment particles that had a diameter 
larger than 500 pm. This suggests that particles larger than 500 pm remained for a 
longer time on urban surfaces than smaller ones and metals had more time for 
binding to the larger particles. The rainfall data from Duloch Park (see section 4.1) 
showed that most rain events were of low depth and intensity, supporting the 
hypothesis that bigger particles remained longer on urban surfaces than smaller ones. 
The finding has important implications for pond maintenance as it implies that part 
of the metal load can be removed from runoff by regular roads and car parks cleaning 
with air suction sweepers. This would minimise the risk of metal accumulation in 
sediment reaching a stage where sediment has to be disposed off as special waste 
when removed from a pond.
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As mentioned above, the data provide clear evidence that the ponds significantly 
attenuated pollutant peak concentrations. However, the data did not allow robust 
conclusions on the overall nutrient removal in the ponds. Data collected by other 
researchers concerning nutrient removal in SUDS ponds vary widely (Bartone and 
Uchrin, 1999; Hvitved-Jacobsen et al, 1984; Napier et al, 2005) and to date no 
research has been published that provides robust conclusions on this issue. However, 
one of the main reasons for installing SUDS ponds is to remove nutrients from urban 
runoff to protect receiving waters. Comprehensive research into nutrients removal in 
SUDS ponds should therefore be a key priority of future research.
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Chapter 7 SUDS Performance Reported On A WQI
In th is chapter, the S D D  (1976) w a ter  q u a lity  index has been  m o d ified  to  b e tte r  
re flec t the key p a ra m e te rs  o f  urban ru n o ff q u a lity  a n d  S U D S  perform an ce. F o r this, 
se ve ra l w a te r  q u a lity  p a ra m e te rs  in c lu ded  in the S D D  (1976) index w ere  re m o v e d  
a n d  the w e ig h tin g  o f  the rem ain in g  p a ra m e te rs  w a s  changed. The im p a c t o f  these  
m odifica tion s on S U D S  perfo rm a n ce  rep o rtin g  is d iscu ssed  a n d  the case  f o r  using  a  
w a te r  q u a lity  index f o r  rep o rtin g  S U D S  p erfo rm a n ce  is s e t  out. In the f in a l  sec tio n  
o f  th is chapter, the w o rk  a n d  opin ions o f  institu tions a n d  resea rch ers  a c tiv e ly  
d eve lo p in g  a n d  im plem en tin g  w a te r  q u a lity  indexes is  o u tlin ed  a n d  d isc u sse d  in the 
con tex t o f  th is research . The d iscussion  con clu des that, a lthou gh  th ere  is s ti l l  m uch  
concern  ab o u t the p o te n tia l  sh ortcom in gs o f  w a te r  q u a lity  indexes, there a p p e a rs  to  
be a  g en era l consensus th a t they are  usefu l to o ls  f o r  rep o rtin g  w a te r  quality. I t is  
a lso  show n th a t m any o f  the p e r c e iv e d  sh ortcom in gs are  often o f  no con cern  f o r  
w a te r  qu a lity  index a p p lica tio n  to SUDS.
7.1 W ater Q uality Indexing Fo r Reporting S U D S  Perfo rm ance
It is evident from the water quality data presented in Chapter 5 that the quality of 
surface runoff is improved in the ponds (Table 6-1, Table 6-3, Figure 6-1 to Figure 
6-7 and Appendix H). It is also evident that there was a greater change with certain 
water quality parameters than others. For example, the ponds performed well in 
removing TSS but were less efficient in removing orthophosphates (Table 6-1, 
Figure 6-3 to Figure 6-7 and Appendix H). However, when investigating the ‘raw’ 
results for the different water quality parameters, it is difficult to draw conclusions 
on the overall water quality of stormwater runoff, its improvement in the ponds and 
its potential impact on the receiving water. To achieve a transparent and 
comprehensive method of water quality reporting, the water quality index of the 
Scottish Development Department (SDD, 1976) described in section 2.8 was used to 
analyse the sampled water quality parameters. This water quality index was 
developed for assessing river water quality and to date has not been used for 
describing urban runoff and water quality at the outlets of SUDS.
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The scale used in the SDD method is derived from water quality performance curves 
(see example in Figure 2-8) that were translated into a water quality ratings table 
with the maximum possible score of each parameter being dependent on its 
significance to water quality (Table 7-1). The parameters included in the index are 
presented in Table 7-1 and the scores from all parameters analysed in a sample are 
combined to a single water quality index in Equation 7-1 (SDD, 1976):
W Q I =
Z M 2
100
Equation 7-1
Where:
WQI = water quality index 
wqr = water quality ratings
A correction has to be applied to the overall water quality index in case any of the 
parameters included in the ratings table is missing. The correction is shown in 
Equation 7-2 (SDD, 1976):
1
^ — V  2_rwp
Where:
rwp = remaining water parameters 
i\ = correction factor
Equation 7-2
For example, if all parameters shown in Table 7-1 apart from E-coli are available and 
the E-Coli count has a maximum water quality score of 12 points then the correction 
factor to be applied is 1/0 .8 8 .
The WQI equation would become:
W Q I =
r ( i V
^ Us))
100
Equation 7-3
The water quality performance of each parameter and also the combined water 
quality index were computed. The weighting and the boundary values for each
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parameter were used to calculate the water quality performance from concentrations. 
Linear interpolation was used at the boundaries of two water quality classes. The 
method of computation is shown in Figure 6.1 using TSS as an example.
7.1.1 Is su e s  A sso c ia te d  With Th e  W QI Method U sed  In T h is  Study
The arithmetically weighted SDD (1976) water quality index outlined above was 
used as the basis for the proposed SUDS water quality index and attention needs to 
be drawn to issues associated with this method. In addition, the alternative to 
arithmetically weighting, geometrically weighting, needs to be briefly outlined.
Independent investigations into the arithmetically weighted WQI of the SDD (1976) 
can reflect overall water quality appropriately showed that this method reflects water 
quality well at the upper end of the scale (Anglian Water Authority, 1978; Yorkshire 
Water Authority, 1978; House and Ellis, 1980). However, the same researchers 
found that this method was less reliable for reporting water quality at the lower end 
of the water quality scale. This is caused by the averaging of parameter results 
which may mask parameter qualities that are potentially harmful for aquatic life. By 
the same mechanism, the positive impact of good parameter qualities on the overall 
water quality may not show if the majority of the remaining parameters are found to 
be of low quality. These issues are only of concern when the parameter results of a 
water sample differ widely from each other, as normally found with water samples of 
poor quality.
Compared to the arithmetically weighted index, the geometrically weighted index is 
generally accepted as being very accurate when recording poor water quality (House 
and Ellis, 1980). This is a result of computing the overall score by taking the nth root 
of the product of all water quality results, as shown in Equation 7-4. However, this 
method is insensitive to the impact of a single poor parameter score as long as this 
score is not zero. By its nature, the overall water quality index of a water sample will 
be computed as zero if any of the water quality parameters included has a zero score. 
If this is to be avoided, the lowest score that can be assigned to any of the parameters 
in the index must always be greater than zero.
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WQI = Equation 7-4
i
V M  /
Where:
WQI= water quality index 
q = water quality rating
n = number of parameters included in the index
The results of arithmetic and geometric indices will be similar if the ratings of all 
water quality parameters included in the indices are similar. The two methods may 
return significantly different results if the ratings of the water quality parameters 
included in the indices vary considerably from each other. Consequently, both 
methods are likely to return similar results for samples of high water quality, whereas 
they may yield significantly different results for samples of low water quality.
The rating curves of the SDD (1976) WQI were obtained using the DELPHI method 
of opinion research (Dalkey, 1968). This involved seventy water quality experts in 
the process of developing the original rating curves by the NSF (Brown et al, 1970) 
and water quality experts from two Scottish River Purification Boards during the 
process of adapting the index to Scottish requirements (SDD, 1976). The DELPHI 
method is an elaborate process of opinion research and is used to develop standards 
with which the great majority of people working in a particular field can agree. By 
default of the method used, the rating curves which the SDD (1976) WQI is based on 
include an element of subjectivity. That subjectivity reflects the thinking of the 
research participants at the time they answered the questionnaires that were used for 
constructing the parameter rating curves.
The tests applied to the SDD WQI by the Anglian Water Authority (1978), the 
Yorkshire Water Authority (1978), as well as House and Ellis (1980), showed that 
many of the ratings curves of the SDD index are only suitable for water bodies with 
good water quality. The three studies concluded that the accuracy of the SDD index 
is reduced when applied to water of low quality regardless of the computation 
method used. The authors found that this is caused by the zero to 100 scale of the 
SDD (1976) index being biased towards high water quality scores between 41 and
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100, denoting water of tolerable to excellent quality. The authors reported that detail 
is lacking at the lower end of the scale.
The issues related to the rating curves can be illustrated with data obtained during the 
field work for this study. For example, the maximum and mean TSS concentrations 
at the outlet of Halbeath pond were 33 mg/1 and 7 mg/1 respectively (Appendix H, 
Table H5). The rating curve developed by the SDD (1976) assigns a water quality 
score of 3 points (of 7 = 43%) to a concentration of 33 mg/1 and 7 points (of 7 = 
100%) for a concentration of 7 mg/1. This causes the TSS outlet water quality score 
to be over 70% most of the time and to be relatively insensitive to subtle changes in 
TSS performance.
A final issue with the SDD water quality index (and all other parameter weighted 
indices) is that parameters with a high weighting can mask the performance of 
parameters that are weighted lower. This may result in a WQI that does not 
accurately reflect the water quality of a sample and is particularly an issue if the 
quality of the strongly weighted parameters is either very good or very poor. In the 
field data collected for this study dissolved oxygen was often problematic. Dissolved 
oxygen is the water quality parameter with the highest weighting in the SDD (1976) 
index. During catchment runoff, this parameter always reached a maximum when 
flows were turbulent. The highest pollutants concentrations in runoff were often 
found at the same time dissolved oxygen levels were best and their negative impact 
on the overall water quality was often obscured by the good performance of 
dissolved oxygen. This showed that appropriate parameter weighting is crucial for a 
water quality index to reflect the overall water quality of a sample correctly.
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Table 7-1: Weighted water quality rating table for calculation of arithmetic weighted water quality index (SDD, 1976)
Weighted Water 
Quality Rating
(qi x  w ,)
DO
(% sat)
BOD5
(mg/1)
Ammonia
(mg/1)
E. Coli
(No/100ml) PH
TON
(mg/1)
Orthophosphate
(mg/1)
TSS
(mg/1)
Temperature
(deg C)
Conductivity
(micro S/cm)
18 93-109
17 88-92 110-119
16 85-87 120-129
15 81-84 130-134 0-0.9
14 78-80 135-139 1-1.9
13 75-77 140-144 2-2.4
12 72-74 145-154 2.5-2.9 0-0.09 0-249
11 69-71 155-164 3-3.4 0.1-0.14 250-999
10 66-68 165-179 3.5-3.9 0.15-0.19 1,000-3,999
9 63-65 180+ 4-4.4 0.2-0.24 4,000-7,999 6.5-1.9
8 59-62 4.5-4.9 0.25-0.29 8,000-14,999 6-6.4 8-8.4 0-0.49 0-0.029
7 55-58 5-5.4 0.3-0.39 15,000-24,999 5.8-5.9 8.5-8.7 0.5-1.490.03-0.059 0-9
6 50-54 5.5-6.1 0.4-0.49 25,000-44,999 5.6-5.1 8.8-8.9 1.5-2.490.06-0.099 10-14 50-189
5 45-49 62 -6 .9 0.5-0.59 45,000-79,999 5.4-5.5 9-9.1 2.5-3.490.1-0.129 15-19 0-17.4 0-49; 190-239
4 40-44 7-7.9 0.6-0.99 80,000-139,999 5.2-5.3 9.2-9.4 3.5-4.490.13-0.179 20-29 17.5-19.4 240-289
3 35-39 8-8.9 1-1.99 140,000-249,999 5-5.1 9.5-9.9 4.5-5.490.18-0.219 30-44 19.5-21.4 290-379
2 25-34 9-9.9 2-2.99 250,000-429,999 4.5-4.9 10-10.4 5.5-6.990.22-0.279 45-64 21.5-22.9 380-539
1 10-24 10-14.9 4-9.99 430,000-749,999 3.5-4.4 10.5-11.47-9.99 0.28-0.369 65-119 23-24.9 540-839
0 0-9 15+ 10+ 750,000+ 0-3.4 11.5-14 10+ 0.37+ 120+ 25+ 840+
Note 1: If parameters are missing, the arithmetic weighted water quality index as calculated from Table 7-1 has to be corrected by multiplying 
the index by 1/x where jc is the sum of the weightings of the parameters being considered. The adjusted arithmetic weighted index 
should be used for calculating the overall water quality index.
Note 2: qt = parameter quality index (range 0 -  1); Wj = parameter weight index (dependent on relative importance in overall water quality 
index; 0 -  18 in SDD (1976) index).
WQ ra ting  g raph  fo r TSS
Step between two WQ 
classes. Difference in 
concentration = 1 mg/l
1 ,X1 N v4r Rr iinri^rv valnp<v 4R -  R4 mn/l
WQ score: 2
•V- X X
0 10 20 30 40 50 60 70 80 90 100 110 120
concentration (mg/l)
F ig u re  7 -1 : C o m p u ta t io n  o f  T S S  W Q  ra t in g s  fro m  T S S  c o n c e n tra t io n s
7.2 Turbidity As A Surrogate For TSS
Suspended solids are normally a mixture of organic and inorganic particles, with the 
organic fraction requiring oxygen during bacterial degradation. It is also a widely 
held opinion that many pollutants in urban runoff form strong bonds with small sized 
suspended particulates (Bavor et al, 2001; Krishnappan and Marsalek, 2002; Vaze 
and Chiew, 2002). Good removal of suspended particulates indicates that a facility 
performs well in protecting receiving waters, and TSS concentrations are of major 
importance for measuring SUDS performance. However, continuous monitoring of 
TSS is labour and cost intensive. In comparison, continuous turbidity monitoring is 
cheap and significantly less labour intensive. Consequently, turbidity sondes were 
deployed at the Duloch Park field sites, yielding a large amount of data. Site specific 
suspended solids -  turbidity correlations were developed for Halbeath and Linburn 
ponds, using all samples analysed for both parameters. The aim was to substitute 
turbidity into the water quality index whenever TSS concentrations were not 
available.
For every site, each TSS concentration obtained was grouped with all corresponding 
turbidity recordings. Then, mean, minimum, and maximum turbidity values for each 
TSS concentration were determined. If only one turbidity value for a particular TSS 
concentration was available, that value was assumed to be true. TSS concentrations 
with no corresponding turbidity were excluded from the analysis. After grouping
Chapter 7: SUDS performance reported on a water quality index 174
TSS concentrations with all corresponding turbidity values, the TSS / turbidity 
correlation was obtained by linear regression, chosen since all scatter plots suggested 
that the two parameters had a linear relationship (Figure 7-2 to Figure 7-5). Finally, 
turbidity values corresponding to TSS concentrations at the upper and lower end of 
each quality group in the index were calculated. The method is outlined below using 
example data from the outlet of Linbum pond:
1. The boundary TSS concentration between class seven and six was 9 mg/1.
2. 9 mg/1 produced a calculated turbidity of 16.5.
3. Score seven on the WQI for turbidity was assigned to 0 - 17 turbidity units.
4. All samples with turbidity over 17 NTU scored six or less on the scale.
For each location, assumptions had to be made for obtaining TSS / turbidity 
relations. These are outlined in sections 7.2.1 to 7.2.3.
7.2.1 Linburn  Pond Outlet - C orrelation  O f Turbidity And T S S
Event and manually collected sample results were pooled and plotted. The plot of 
TSS concentration against mean turbidity showed the best correlation (Figure 7-2) 
and its equation was used for predicting TSS from turbidity. It was assumed that the 
trend-line passes through the origin. Table 7-2 shows the turbidity values used in the 
water quality index.
Figure 7-2: O utlet Linburn Pond; Scatter o f TSS concentrations vs. mean turb id ities
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Table 7-2: Outlet Linburn Pond -  water quality ratings table for turbidity
WWQR
(WQI scale)
TSS (mg/1) 
(WQI scale)
Turbidity (F T U /N T U ) 
(derived)
Turbidity Corresponding to TSS 
(for WQI table)
7 9 16.5 0-17
6 14 25.7 18-26
5 19 34.88 27-35
4 29 53.1 36-53
3 44 80.6 54-81
2 64 117.3 82-117
1 119 218.1 118-218
0 120+ 219+ 219+
N o te : W W Q R  is W e ig h te d  W a te r  Q uality  R ating  (qi x  wi; s e e  section 2 .8 .1  for descrip tion)
7.2.2 Halbeath Pond Inlet - Correlation  O f Turbidity A nd T S S
Scatter graphs of manually collected and event sample results were plotted separately 
(Figure 7-3 and Figure 7-4) and then combined in Table 7-3. This method was 
favoured as the event samples predominantly had high TSS concentrations and 
turbidity, whereas values were low for the majority of manually collected samples. 
The manually collected sample set was used to determine turbidities for TSS 
concentrations from zero to 64 mg/1. All turbidities for TSS concentrations above 64 
mg/1 were derived from the event sample set. It was decided to use the plots with 
minimum turbidity versus specific TSS concentrations as this was the most prudent 
approach to judge water quality.
The trend line for the event samples was computed as the best fit and did not pass 
through the origin (Figure 7-3). This approach was justified as the water quality 
sondes were calibrated on the prevailing turbidity values at their location of 
deployment and the calibration line does not necessarily pass through the origin. The 
graph for manual samples in Figure 7-4 shows that this data had a very poor 
correlation and the confidence that can be held into turbidity derived TSS 
concentrations of up to 64 mg/1 was low.
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In let Halbeath Pond: Correlation TSS-M inim um  Turbidity
(from event samples 08/02-09/03/02)
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Figure 7-3: Inlet Halbeath Pond; Scatter o f event sam ples TSS concentrations vs.
m inim um  turbidities
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Table 7-3: Inlet Halbeath Pond -  w ater quality ratings table fo r turb id ity
WWQR
(WQI scale)
TSS (mg/1) 
(WQI scale)
Turbidity (F T U /N T U )  
(derived)
Turbidity Corresponding to TSS 
(for WQI table)
7 9 15.7 0-16
6 14 24.4 17-24
5 19 33.1 25-33
4 29 50.5 34-51
3 44 76.6 52-77
2 64 111.4 78-111
1 119 141.0 112-141
0 120+ 142+ 142+
Note: W W Q R is Weighted Water Quality Rating (qi x wi; see section 2.8.1 for description)
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7.2.3 Halbeath Pond Outlet - Correlation  O f Turbidity And T S S
Data from the event sampling programme were also used to derive outflow TSS from 
turbidity at Halbeath pond. All measured TSS and turbidity values were low. Most 
turbidity values were at the lower end of the sondes’ reliable measurement scale 
resulting in a relatively large scatter. To ensure a prudent approach, it was decided to 
use the scatters with minimum turbidity versus specific TSS concentrations. Figure
7-5 shows the scatter of TSS concentrations versus turbidity at the outlet of Halbeath 
pond and Table 7-4 shows the turbidity values used in the water quality index to 
predict TSS water quality performance.
O utlet Halbeath Pond: Correlation TSS-M inim um  Turbidity
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Figure 7-5: O utlet Halbeath Pond; Scatter o f TSS concentrations vs. mean turb id ity
Table 7-4: O utlet Halbeath Pond -  w ater quality ratings table fo r turbid ity
WWQR
(SDD scale)
TSS (mg/1) 
(SDD scale)
Turbidity (F T U /N T U ) 
(derived)
Turbidity Corresponding to TSS
(for SDD table)
7 9 10.0 0-10
6 14 15.5 11-16
5 19 21.0 17-21
4 29 32.1 22-32
3 44 48.7 33-49
2 64 70.8 50-71
1 119 131.6 72-132
0 120+ 133+ 133+
Note: W W Q R is Weighted Water Quality Rating (qi x wi; see section 2.8.1 for description)
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7.3 Developm ent O f A  Modified W ater Q uality Index
The data and discussion on water quality in sections 6.8 and 6.9 suggest that 
conversion of pollution concentrations of several water quality parameters into a 
single index number would provide a means to describe the overall runoff and 
system outflow quality in a comprehensive and readily understood way. It would 
also provide a fixed scale, from zero to 100 points, by which both runoff quality and 
system performance could be measured and compared. From the graphs in sections
6.8 and 6.9 it is also evident that the water quality index of the SDD (1976) requires 
modification to be better suited for the analysis of SUDS. The SDD water quality 
index was developed for assessing the water quality of watercourses, which is 
reflected in the selection and weighting of the parameters included. As a result, the 
weighting is not best suited for assessing the performance of SUDS. Suspended 
solids and nutrients, for example, are key indicators for SUDS water quality 
performance but the SDD (1976) water quality index is relatively insensitive to 
changes in suspended solids and orthophosphate quality (see Figure 7-6 and Figure
7-7). In additions, several parameters (DO, BOD5, E-coli, TON and temperature) 
were found of little value for analysing the SUDS at Duloch Park and for SUDS in 
the UK in general.
7.3.1 Sensitiv ity  O f The SD D  W ater Q uality Index To Param eter 
Variations
The sensitivity of the SDD (1976) index to variations in the included parameters is 
shown in Figure 7-6. The sensitivity of the index to each parameter was calculated 
in two steps. All parameters were first set to maximum score, which resulted in an 
overall score of 100. Secondly, the parameter under investigation was set to zero and 
all others at maximum score. The difference of the second to the first score 
determines the gradient of the graph. The index is most sensitive to those water 
quality parameters with steeper graphs. Figure 7-6 shows that the index is most 
sensitive to dissolved oxygen and least sensitive to changes in temperature. It also 
shows that the index is less sensitive to changes in conductivity, TSS, TON and 
P04+. Figure 7-6 shows that the parameter weighting in the SDD water quality index
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is not appropriate for the water quality performance of SUDS facilities. For SUDS 
facilities, parameters like TSS, P04+ and NH3 are of key importance and this is not 
reflected appropriately in the SDD (1976) index.
F ig u re  7 -6 : S e n s it iv ity  o f  S D D  in d e x  to  v a r ia t io n s  in its  w a te r  q u a lity  p a ra m e te rs
Only 7 of the 10 parameters included in the SDD (1976) index were regularly 
monitored at Duloch Park, which required normalisation of these parameters to a 
score of 100 by using Equation 7-1 and Equation 7-2. TON, BOD5 and E-coli, with 
SDD (1976) index scores of 8 , 15 and 12 respectively, were not regularly monitored. 
This resulted in an r\ value of 65. The sensitivity of this reduced index to variations 
in parameters was calculated using the same method as for Figure 7-6 and the results 
are shown in Figure 7-7. Figure 7-7 shows that each of the 7 remaining parameters 
has a greater impact on the overall water quality score than it has when all 1 0  
parameters are present. However, the higher weighted parameters, like dissolved 
oxygen, had most influence. Amongst the parameters regularly monitored, TSS and 
P04+ remained of relatively little influence on the SDD (1976) index (see Figure
7-7).
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SDD Index Sensitivity To Variations Of Single Parameters With DEX Monitoring
Parameters
£oo
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95
85
75
65
55
45
M ax Min
DO 100 52.28
NH3 100 66.49
pH 100 74.22
P 04+ 100 76.90
TSS 100 79.62
Temperature 100 85.21
Conductivity 100 82.39
Temperature 
Conductivity 
TSS 
P04+ 
pH
NH3
Maximum Score Minimum Score
F ig u re  7 -7 : S e n s it iv ity  S D D  w a te r  q u a lity  in d e x  to  v a r ia t io n s  in w a te r  q u a lity  
p a ra m e te rs  th a t  w e re  m o n ito re d  a t D u lo c h  P a rk  (n o rm a lis e d  to  1 00  p o in ts )
7.3.2 Param eter Selection For Modified W ater Quality Index
Field work for this research showed that temperature and dissolved oxygen were of 
little value for analysing the SUDS at Duloch Park. It was found that dissolved 
oxygen levels were typically highest at the inflows to the systems, due to turbulent 
flows during storm conditions. In comparison, system outflows had typically lower 
dissolved oxygen concentrations as they were much less turbulent. Hence, although 
dissolved oxygen is of major importance for river water quality (Harremoes, 1982; 
Rauch and Harremoes, 1997), its inclusion into a SUDS water quality index can be 
misleading. Runoff temperatures were found always to be within the range that 
results in the best score on the SDD (1976) index. Outflow temperatures slightly 
exceeded the 17.4°C, which is the boundary between best and second best score, on 
only a few days each year. From the prevailing weather conditions it can be assumed 
that regarding water temperature the situation is the same for the whole of Scotland. 
SUDS facilities in other areas of the UK may experience higher runoff and outflow 
temperatures on more days of the year than is the case for Scotland. However, small 
rainfall events on hot surfaces will not generate flow volumes that may have 
potential impacts on watercourses. Larger rainfall events, on the other hand, will 
cool the surfaces and result in runoff that is likely to be less than 17.4°C in 
temperatures.
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E-coli counts were not part of the monitoring regime and also this parameter appears 
to be of limited value for SUDS performance assessment and can be misleading. 
Several scientists reported higher outflow than inflow E-coli counts (e.g. Bavor et al, 
2001) and, amongst other factors, it appears that wildlife fouling can contribute 
significantly to the outflow E-coli counts (Atlanta RC, 2001; House et al, 1993). 
Ponds that offer good wildlife habitat are therefore particularly prone to higher 
outflow than inflow E-coli counts.
It is proposed to modify the SDD (1976) index and remove temperature, dissolved 
oxygen, BOD5 and TON from the index. The parameters in the modified SDD 
(1976) water quality index should be adjusted to better reflect and measure the main 
performance criteria of SUDS, with, for example, TSS having a much greater 
weighting. Modifications were made to the SDD water quality index to demonstrate 
(on the basis of data from Duloch Park) that an index adapted to SUDS requirements 
provides a comprehensive performance measurement tool for these systems. For 
demonstration purposes, the index relies only on water quality parameters that were 
investigated during the field work. The relative weighting of each water quality 
parameter has been changed. The modified water quality index and the changed 
parameter weightings are shown in Table 7-5.
The new weightings proposed in Table 7-5 are based on the relative importance of 
each parameter as a SUDS water quality performance indicator and in terms of its 
potential impacts on the receiving water. Following this logic, the highest 
importance was assigned to NH3, as this substance is toxic to most aquatic species. 
The second highest weighting was assigned to TSS, as this is probably the most 
important indicator for SUDS performance. As outlined in section 2.7.2, there is a 
widely held opinion that many pollutants in urban runoff form strong bonds with 
small sized suspended particulates (Bavor et al, 2001; Krishnappan and Marsalek, 
2002; Vaze and Chiew, 2002). SUDS water quality performance in terms of TSS, 
therefore, gives also a good indication on the removal of pollutants that form bonds 
with suspended solids, such as heavy metals, pesticides and pathogens. The 
weighting for orthophosphate was chosen to be only slightly lower than the 
weighting for TSS. Orthophosphate is typically the limiting nutrient for the growth
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of blue-green algae which produces a substance toxic to most aquatic life. Excessive 
growth of algae, commonly referred to as algal bloom, can have significant impacts 
on the ecological health of the receiving water and this is reflected by its relatively 
high weighting. Compared to NH3, TSS, and P 04+, pH and conductivity are of lesser 
importance as SUDS performance indicators. However, extreme pH values have the 
potential to destroy most aquatic life in the downstream vicinity of a discharge and 
this parameter merits inclusion into the water quality index. In addition, many 
chemical processes are dependent on pH (e.g. the state of metals and nutrients is pH 
dependent) (Reddy, et al, 1999). Conductivity is a good indicator of the 
concentrations of salts and ions in the water. Similar to pH, high concentrations of 
salts and ions influence the chemical state of metals and make them more soluble and 
bioavailable (Bewers and Yeats, 1989; Revitt, et al, 2003). A greater bioavailability 
of pollutants and high salt concentrations can both have adverse effects on aquatic 
life in the receiving water.
The weightings proposed in Table 7-5 should serve demonstration purposes and 
merit further discussion concerning their relevance in determining SUDS 
performance. Further work by a panel of experts is needed to develop parameter 
weighting curves that best reflect SUDS performance in Scotland and the rest of the 
UK.
T a b le  7 -5 : M o d if ie d  In d e x  P a ra m e te rs  F o r  A n a ly s is  O f  S U D S  F a c il it ie s
P a ra m e te r O r ig in a l s c o re N e w  s c o re C o m m e n t
NHs 12 30 —
pH 9 18 —
P 0 4+ 8 20 —
T S S 7 21 —
Conductivity 6 11 —
D O 18 — rem oved
BODs 15 — rem oved
E-C oli 12 — rem oved
T O N 8 — rem oved
T em p era tu re 5 — rem oved
T o ta l 1 0 0 100
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The sensitivity analysis of the modified water quality index shows that the relative 
influence of each included parameter on the overall water quality result is much more 
pronounced than in the original SDD (1976) index. It is argued that the relatively 
strong sensitivity of the index to NH3 , TSS and P04+, and its low sensitivity to 
conductivity reflect the performance of SUDS better than the SDD index. The 
sensitivity of the modified SDD index to variations in each parameter is shown in 
Figure 7-8.
7.3.3 Sensitivity Of The Modified Water Quality Index To Parameter
Variations
F ig u re  7 -8 : S e n s it iv ity  o f  m o d ifie d  S D D  w a te r  q u a lity  in d e x  to  v a r ia t io n s  in w a te r
q u a lity  p a ra m e te rs
7.3.4 A pplication Of The Modified W ater Q uality Index To Field  Data
The modified index was applied to the data sets considered in sections 6 R and 6 9
Comparisons between the overall inflow and outflow water quality indices were 
made and analysed. Figure 7-9 shows the results modified from Figure 6-17; Figure
7-10 shows the results modified from Figure 6-22; and Figure 7-11 shows the results
modified from Figure 6-27.
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Comparison of water quality index graphs, using the original and the modified SDD 
water quality graphs provides clear evidence that the modified index reflects runoff 
quality in a way more relevant to urban drainage issues. For example, Figure 7-9 and 
Figure 7-10 clearly show the drop in runoff water quality at the onset of runoff 
events, caused by high turbidity / TSS at the start of runoff events (see Figure 6-1). 
This drop in water quality is not reflected with the same significance in Figure 6-17 
and Figure 6-22 (SDD index), where the poor TSS / turbidity scores are masked by 
the temperature score, which was always at maximum, and offset by the DO score, 
which normally improved during runoff events and was much heavier weighted. The 
drop in runoff quality at the start of an event is less obvious in Figure 7-11, as the 
sampling routine at N1A and NIB did not capture the initial part of the runoff event. 
However, runoff water quality is poorer in all three graphs based on the modified 
index when compared to the graphs based on the original SDD index. All three 
graphs, calculated with the modified SDD index, show a better overall outflow water 
quality and a significantly better water quality performance of the ponds than the 
graphs in Figure 6-17, Figure 6-22, and Figure 6-27, derived from the original SDD
F ig u re  7 -9 : M o d ifie d  W Q I - In flo w  a n d  O u tf lo w  w a te r  q u a lity  a t H a lb e a th  P o n d
(c o n tin u o u s  m o n ito r in g )
Chapter 7: SUDS performance reported on a water quality index 185
Halbeath Pond - Flows and Overall WQ Scores of Continuously Monitored
Series
In f lo w s x lO -------- Outflows x10 — —  Inflow W Q I--------- Outflow WQI ...... . Rain
F ig u re  7 -1 0 : M o d if ie d  W Q I - In flo w  a n d  O u tf lo w  w a te r  q u a lity  a t H a lb e a th  P o n d  (e v e n t
s a m p lin g )
F ig u re  7 -1 1 : M o d ifie d  W Q I - In flo w  a n d  O u tf lo w  w a te r  q u a lity  a t L in b u rn  P o n d  (e v e n t
s a m p lin g )
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From the sensitivity analysis for both the original and the modified SDD index as 
well as the SUDS performance curves that resulted from each of the two methods, it 
is clear that a more suitable index for SUDS performance analysis has been 
developed in the course of this research. As outlined in this section, runoff and 
system outflow quality are better reflected in the modified SDD index. The 
implications of these results, and findings by other researchers, are discussed in 
sections 7.4 and 7.5.
7.4 Th e  C a s e  Fo r U sing  A  S U D S  W ater Q uality Index
The work presented in this Chapter and Chapter 6 provides clear evidence that an 
index system for SUDS water quality is an excellent tool for reporting the 
complicated interactions between several water quality parameters in a robust and 
readily understood way. The water quality index presented in this research was 
applied to a complex series of field data and the results clearly show that the water 
quality index provides a convenient, yet comprehensive and transparent, way of 
communicating water quality information to both decision makers in the field of 
urban drainage and interested members of public. The latter is crucial in the ongoing 
campaign for securing public acceptance of SUDS. A further advantage of using an 
index in place of direct readings is the use of a common scale which eliminates the 
issues associated with the presentation of water quality from various locations and 
parameters on the same graph. Scaling is clearly an issue in all graphs shown in 
Chapter 6 where, firstly, results of the various water quality parameters had to be 
multiplied by a factor for plotting them all on a common y-axis. Secondly, a number 
of water quality parameters had runoff concentrations that were several hundred 
times greater than in the pond outflows, also requiring scaling factors for analysing 
system performance on one chart.
For SUDS performance analysis, the water quality index is superior to the commonly 
used method of determining SUDS performance through percentage removal of 
certain pollutants. The main issue in the context of SUDS is the quality of discharge 
to the receiving water which can be unambiguously stated with the water quality 
index while stating percentage removals has two major drawbacks. Firstly,
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percentage removal efficiencies include a large element of ambiguity. For example, 
if the TSS load is 3 mg/1 in runoff and 3 mg/1 at system outlet the percentage 
efficiency of the SUDS in removing TSS is zero, although the TSS outflow water 
quality is very good. In contrast, TSS loads of 1,000 mg/1 in runoff and 400 mg/1 in 
outflow result in 60% removal efficiency although the TSS outflow water quality is 
poor. Secondly, percentage removal efficiency can only deal with one water quality 
parameter at a time and can not reflect the overall water quality.
The parameter weighted index used in this study has the advantage that even small 
water quality variations in the parameters that are considered to be of prime 
importance will exert significant impact on the overall water quality score. On the 
other hand, weighting tends to mask changes in water quality parameters that are 
considered less important for measuring SUDS performance. It could be argued that 
all parameters in a water quality index for SUDS should be of near equal importance 
and therefore weighting. However, several researchers have concluded that weighted 
water quality parameters provide best results for general water quality indexing 
(Couillard & Lefebvre, 1985; House, 1989). There are good arguments for applying 
some degree of weighting as certain water quality parameters reflect SUDS 
performance better than others.
As an alternative to weighting, the performance curves of parameters that are 
considered of key importance can be drawn such that the concentration limits for 
high water quality scores are very narrow. For example, in the water quality index 
presented in this thesis TSS water quality achieves the highest score with 
concentrations of less than 9.5 mg/1 and is at zero score when the concentrations 
reach 120 mg/1. These two concentrations could be lowered and the bands in 
between adjusted accordingly. Lowering a water quality parameter’s concentrations 
in each water quality band would make the overall water quality index relatively 
more sensitive to changes in this parameter even when all parameters included in the 
index are of equal weighting. With this method, account of the relative importance 
of each water quality parameter can be taken while simplifying the calculation of 
water quality scores for the end user. It is also a method that is supported by several 
researchers in the field (e.g. Cude, 2001; CCME, 2001 & 2004). However, it could 
be argued that this method does not take a long perspective on water quality
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indexing, as it makes it difficult to adjust the index in accordance with shifts in 
thinking towards the overall importance of certain water quality parameters. This is 
due to re-drawing the performance curve of a water quality parameter being a 
complex and obscure process for most end users and it is also difficult to compare 
between ‘old index’ and ‘new index’ results. It was shown in Chapter 7 that this 
problem is almost entirely avoided when only the weighting of the index parameters 
is changed.
The results presented in this Chapter and Chapter 6 provide evidence that the number 
of water quality parameters that are included in the SDD water quality index (SDD, 
1976) can be reduced while reflecting SUDS performance more appropriately. From 
the data shown in Figure 6-17 to Figure 6-33 it is evident that water temperature is of 
no importance and dissolved oxygen produces a misleading picture of the inflow and 
outflow water quality. The role of the remaining eight water quality parameters of 
the SDD water quality index for reporting SUDS performance requires discussion by 
experts concerned with urban drainage and its impact on receiving waters. However, 
experience from the site investigations at DEX and of other researchers (e.g. Bavor et 
al, 2001) shows that BOD5 and E-coli counts may also be excluded from a SUDS 
water quality index. Both parameters were found to have typically low values, and 
SUDS systems that provide good wildlife habitat often have higher values at the 
outflow than inflow due to animal droppings. TON is another parameter that should 
be considered for exclusion. This parameter is an important indicator of how much 
nitrogen is potentially available for plant and algae growth. However, algae growth 
is mainly limited by phosphate availability and the overall importance of total 
oxidised nitrogen as a SUDS performance indicator may therefore be low.
Considering the results presented in this thesis, there is a strong case for applying 
comprehensive screening of all water quality parameters that are considered for 
inclusion in the index. The work for this thesis resulted in a modified SDD water 
quality index for SUDS that includes five parameters (Table 7-6), making it a tool 
that is more appropriate for SUDS and also easier to use than the original index.
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T a b le  7 -6 : S D D  (1 9 7 6 ) P a ra m e te rs  in c lu d e d  in  S U D S  in d e x
P a ra m e te r S ta tu s  in  S U D S  W Q I
n h 3 included
pH included
P 0 4+ included
TSS included
Conductivity included
D O rem oved
BODs rem oved
E-C oli rem oved
T O N rem oved
T em p era tu re rem oved
The reduced index will be more appropriate since parameters that are not essential or 
have the potential to be misleading in a SUDS context are excluded. It will be of 
wider applicability and easier to use as fewer parameters require less resources for 
data collection. A slimmed down index also has the advantage that it is more 
sensitive to changes in any of its parameters. The opinion that only as few 
parameters as necessary should be included in a water quality index is shared by 
other researchers (e.g. Cude, 2001; CCME, 2001 & 2004). From the results shown 
in Figure 7-9 to Figure 7-11, it is also evident that SUDS performance is reflected 
more appropriately when fewer but more relevant parameters are used for reporting.
7.5 C o n ce rn s  Regarding A p p ro p ria ten ess O f A  S U D S  W ater Q uality  
Index A d d ressed
The work in this thesis is the first to apply a water quality index to SUDS, while to 
date almost all of the work on water quality indexes has been based on the 
importance of indicators to freshwater systems (e.g. Brown et a l., 1972; Cude, 2001; 
Dojlido et a l, 1994; House, 1989; Walski and Parker, 1974). As a result, several of 
the key criticisms concerning the shortcomings of water quality indexes are valid for 
freshwater systems but not for an index applied to SUDS. The three key criticisms 
are addressed in the paragraphs below and are that, firstly, water quality detail is lost. 
Secondly, important water quality parameters may not be considered and, thirdly, 
they may not be appropriate to compare systems from different regions.
There has been concern that detail on crucial performance parameters will be lost 
when combining several water quality parameters into a single index (CCME, 2001
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and 2004; EPA, 1996; McClelland, 1974; WSDE, 2002). However, this issue is only 
of minor concern. As outlined in this Chapter, the overall water quality score is the 
product of the water quality scores of all parameters included in the index. The 
overall water quality index can therefore be disaggregated into its components, 
should details on any of the water quality parameters included be required. The data 
and conclusions presented clearly demonstrate that the water quality score of each 
individual parameter can be normalised into a scale of zero to 100 (or any other scale 
used). In addition, each water quality parameter’s scoring for certain performance 
boundaries is to be determined by a panel of experts (e.g. in the fields of urban 
drainage, freshwater ecology, etc) and can be applied to all SUDS in a country or 
region. The opinions of this panel could be drawn together by using the DELPHI 
(Dalkey, 1968) method of opinion research. In view of this, it is evident that an 
index can provide unbiased water quality information on single water quality 
parameters with almost no loss of detail. Nevertheless, some detail will inevitably be 
lost when water quality data is transferred into a water quality index consisting of 
multiple water quality variables. However, on balance, this loss is outweighed by the 
gain of understanding water quality issues by the public and policy makers (Cave, 
1997; Cude, 2001). Critics should also consider that water quality index scores are 
based on actual water quality data that can be referred to if need be.
There is a risk that the overall outflow water quality score of a SUDS may mask poor 
performance of one of the water quality parameters in the index, although the quality 
of the parameter in question may be such that it is potentially hazardous for aquatic 
life. For example, a pH of 12 at a SUDS outflow will cause the death of most 
aquatic life in the vicinity of the outlet but the water quality index may still show an 
overall acceptable water quality. This issue can be remedied in several ways. One 
method is to use a system of the ‘lowest operator’ score (Nagels e t a l, 2001). In this 
method, the lowest water quality score of any parameter determines the overall water 
quality index score. This method is not useful for reporting the performance of 
SUDS as it would not reflect the overall effectiveness of a certain system. In 
addition, the ‘lowest operator’ method effectively renders any efforts into a water 
quality index worthless as the final score would always be the same as the one 
obtained for the poorest performing water quality parameter. A more appropriate 
method of reflecting very low scores of single water quality parameters in a SUDS
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water quality index is the application of a ‘penalty’. In this method, a certain number 
of ‘penalty’ points are deducted from the overall water quality index if one of the 
included water quality parameters falls below a certain threshold. For example, the 
overall water quality score can automatically be reduced by 50% if the pH rises 
above 10. This approach has also been suggested by others (e.g. WSDE, 2002).
Further criticism of water quality indexes has come from experts who are concerned 
that important parameters, such as toxic substances, may not be included in the index 
(e.g. WSDE, 2002). As a result, they argue, the index score may show good water 
quality although the water quality may be impaired. However, this argument is 
difficult to sustain, as also the direct analysis of measured field data can only reflect 
water quality parameters that were investigated in the first place, and it is entirely 
possible that sampling at a particular site unintentionally leaves out a crucial 
parameter. When investigating SUDS, site visits typically precede sampling 
regimes. During these visits, a good impression of the issues and pollutants of 
concern can be gained and the selection of water quality parameters for monitoring 
can be made accordingly. The standard parameters for the SUDS water quality index 
should be part of any monitoring regime, provided they are well selected. Water 
quality indexes for hydrocarbons, metals and pesticides should also be developed for 
reporting the performance of SUDS in locations where these substances are an issue.
A criticism levelled on freshwater quality indexes has been that it is difficult to 
compare systems from different regions with each other (CCME, 2004; Cude, 2001; 
Smith e t a l, 2002). This is certainly true for natural systems as even pristine 
watercourses can vary widely in, for example, sediment loads and pH, depending on 
the geology of their setting. In contrast, this is not such a problem for SUDS since, 
although runoff quality may vary widely between catchments, the desired outflow 
quality should be consistently the same for a whole country or a region -  rather like 
standards for wastewater treatment works.
The use of a water quality index, such as the one introduced in this thesis, will lead to 
better reporting of water quality investigations in SUDS. The current way of 
reporting, discussing and concluding on SUDS performance is time consuming and 
normally only meant for a small audience of experts in the field. The water quality
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index outlined in this research provides a comprehensible method to condense the 
complex interactions of several water quality parameters into a readily understood 
index number. This makes SUDS performance reporting easier, more transparent, 
and more accessible to the public. In addition, using an index eliminates the 
statistical difficulty of dealing with water samples that have pollution concentrations 
below the detection limit since such samples will have the maximum water quality 
score assigned. A further advantage in terms of data presentation is that index 
ratings, unlike actual parameter values, are on a common scale (e.g. 0 -  100). This 
makes standard deviations a suitable measure of the relative parameter variability 
without the need to consider the coefficient of variation. For example, a standard 
deviation of 10 reflects huge variations for parameters measured on a scale ranging 
from 0 -1 4 , while it indicates almost no variability for parameters that are measured 
on a scale ranging from 0 -  10,000. The opinion that the use of a water quality index 
would encourage researchers to report otherwise Tost’ data is also held by others 
(CCME, 2004).
It was mentioned earlier that to date a water quality index has not been applied for 
reporting SUDS performance and therefore this research can not draw on experience 
from other areas and researchers in this particular field. However, in view of the 
issues outlined in this section, it appears worthwhile to take the required steps for the 
development and implementation of such an index now and achieve not only more 
transparent reporting of SUDS performance to a wider audience but also better 
preservation of water quality data on SUDS.
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Chapter 8 Findings And Conclusions
T h is ch a p ter  d ra w s to g e th er  the f in d in g s  a n d  co n c lu s io n s  f r o m  th e  r e sea rch  
p ro g ra m m e  f o r  th is  thesis, in  w h ich  the  p e r fo rm a n c e  o f  su s ta in a b le  u rb a n  d ra in a g e  
p o n d s  w a s  in v e s tig a ted  a n d  a  w a te r  q u a lity  in d ex  f o r  a n a ly s in g  a n d  r e p o r tin g  the  
w a te r  q u a lity  p e r fo rm a n c e  o f  S U D S  w a s  d eve lo p ed . The co n c lu sio n s  d ra w n  are  
b a s e d  on  d a ta  fr o m  a  th ree  y e a r s  in ten sive  m o n ito r in g  p ro g ra m m e  a t  H a lb e a th  a n d  
L in b u rn  p o n d s  in  D u lo ch  Park. The d a ta  f r o m  these  tw o  lo ca tio n s  w ere  
su p p le m e n te d  b y  p o n d  se d im e n t a n d  th ree  y e a r s  o f  m a n u a lly  sa m p le d  w a te r  q u a lity  
d a ta  a t P o n d  7. W ith the  a va ila b le  d a ta  it  w a s  fe a s ib le  to  d ra w  c o n c lu s io n s  on  the  
w a te r  q u a lity  p e r fo rm a n ce  o f  S U D S  p o n d s  a n d  to d eve lo p  a  w a te r  q u a lity  in d e x  f o r  
S U D S  p er fo rm a n c e  a n a ly s is  b a sed  on  f i e l d  data. I t  w a s a lso  p o s s ib le  to  u tilise  f l o w  
m ea su rem en ts  fr o m  D u lo ch  P a rk  f o r  S U D S  m o d e llin g  and, f r o m  the  resu lts , d ra w  
co n c lu sio n s  on  the f lo w  a tten u a tio n  e ffec tiven ess  o f  SU D S. The ch a p ter  en d s  w ith  
reco m m e n d a tio n s  f o r  fu tu r e  research , b a s e d  o n  th e  exp erien ce  g a in e d fr o m  w o r k  on  
th is  thesis.
8.1 Integration Of Findings
This research programme worked towards evaluating the effectiveness of SUDS 
ponds and developing a readily to apply technique for water quality assessment of 
SUDS facilities. The overall aims were achieved by meeting the objectives 1 to 6 as 
outlined in section 1.2. The results of this research were derived from the monitoring 
of three SUDS ponds over a period of three years, making it the most extensive and 
intensive study of this kind undertaken in the UK to date.
Flow monitoring showed that SUDS ponds are effective in peak flow attenuation and 
that they can be effective in reducing runoff volumes, provided exfiltration can be 
facilitated. However, modelling also showed that certain other SUDS facilities could 
achieve the same hydraulic performance with less space requirements. Findings 
from the water quality studies showed that SUDS ponds are effective in retaining and 
attenuating certain urban runoff pollutants. The analysis of water quality results 
highlighted the need for a transparent and comprehensive method for analysing
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SUDS water quality results. Such a method was developed, based on an existing 
water quality index for freshwater systems by the Scottish Development Department 
(SDD, 1976), and introduced in Chapter 7 of this thesis. The water quality index 
introduced in this thesis was found appropriate for SUDS analysis and has the 
potential of constituting the foundation for a standardised SUDS water quality index 
system in the UK.
8.2 Data Collection Conclusions
Field data collection and analysis from SUDS is resource and cost intensive and, as a 
result, there is a general dearth of data on SUDS that were collected over periods of 
several months. This is particularly true in the UK where major SUDS schemes have 
only been implemented since approximately 10 years. This thesis is based on three 
years of intensive field studies, making it the longest and most comprehensive data 
set on a SUDS in the UK to date and therefore a valuable contribution to the 
extension of knowledge on these facilities.
The principal difficulties associated with the programme of data collection relate to 
the typically low flows and the fact that most SUDS facilities are effortlessly 
accessible to the public (which bears the risk of measurement equipment being 
vandalised). The generally low flows often make monitoring with standard flow 
monitors impractical and indirect flow measurements have to be used (e.g. flow 
calculations from water levels over a weir). The flow patterns in SUDS are also 
problematic for water quality sampling during runoff events and developing a 
sampling set-up that captures the complete pollutograph, including the pollution first 
flush, is challenging.
8.3 Flows Attenuation Performance Conclusions
The flow monitoring results presented in Chapter 4 provide strong evidence that 
SUDS ponds are effective in attenuating runoff peaks. Data from Halbeath pond also 
suggest that SUDS ponds can be effective in reducing runoff volumes, provided 
exfiltration from the pond can be facilitated. These conclusions, drawn from the 
flow monitoring results, were underlined by the results obtained through hydraulic
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modelling which predicted that pond systems attenuate peak flows by factors of up to 
35 compared to conventional pipe drainage systems. Modelling also predicted runoff 
routing through SUDS ponds results in such a long delay for the total volume of a 
storm to be discharged that a virtual reduction of runoff volumes occurs. In view of 
both, the strong peak flow attenuation and virtual volume reduction it can be 
concluded that SUDS ponds provide a high degree of erosion and some degree of 
flood protection to receiving waters. However, the modelling results also indicated 
that permeable paving can achieve flow attenuation similar to layouts with ponds 
while requiring less development space. These findings support the current practice 
of using SUDS ponds primarily for water quality and aesthetic purposes while 
providing flood attenuation by other, more cost effective, SUDS facilities.
The modelling results highlighted that SUDS facilities that are installed at the runoff 
source (e.g. permeable pavements) require relatively small outlet sizes to achieve 
effective flow attenuation. For most runoff control facilities that are located close to 
the runoff source, Scottish Water’s current minimum permissible outlet diameter of 
150 mm is too large for the facilities to achieve effective flow attenuation.
Data from field measurements showed unusually low runoff volumes from the 
Halbeath pond catchment. Visual observations led to the conclusion that the 
Halbeath pond catchment provided fairly large storage on permeable surfaces due to 
runoff draining towards landscaped areas and also areas that were not hydraulically 
connected to the drainage system. From the data obtained, combined with the model 
verification results for the Halbeath pond catchment it can be concluded that 
significant runoff volume and peak flow reduction can be achieved by allowing part 
of the impermeable surface runoff to drain to landscaped areas.
When greenfield runoff from Duloch Park was modelled, and a greenfield surface 
storage of 4 mm was assumed, the SUDS in the Halbeath and Linbum pond 
catchments were predicted not to limit the peak runoff of the 2-year event to 
greenfield runoff rates. This was due to the model predicted greenfield runoff being 
zero. When the IH 124 method was used for calculating greenfield runoff, all but 
one SUDS layout in the Halbeath pond catchment were predicted to have peak flows 
clearly below the greenfield rate. In contrast, all but one SUDS layout in the Linbum 
pond catchment were predicted to have peak flow rates above the greenfield rate
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calculated with the IH 124 method. The results from these two adjacent catchments 
give a strong indication that it is crucial to undertake site investigations prior to 
deciding on the method for calculating greenfield runoff. Without proper site 
investigations, the SUDS flow attenuation volumes may not be dimensioned 
appropriately for the requirements of a particular site.
8.4 Water Quality Performance Conclusions
The data presented in Chapter 5 provide clear evidence that the ponds at Duloch Park 
significantly attenuated pollution peak concentrations and achieved typically good 
effluent quality, which is a key aim of SUDS. From water samples and sediment 
investigations it was also evident that a significant fraction of the TSS load was 
removed from runoff by settling in the pond. It is known that several groups of 
pollutants (e.g. metals and pesticides) form strong bonds with suspended solids and 
therefore settling of suspended solids also achieves removal of associated pollutants 
from runoff. Due to their submerged outlet structure, the ponds under investigation 
were highly effective in retaining floatable pollutants. It can be concluded that 
SUDS ponds can potentially achieve good outflow quality. It can also be concluded 
that outlets of SUDS ponds should ideally be submerged.
In view of the good TSS removal rates in the SUDS ponds at Duloch Park, it can be 
argued that SUDS ponds are likely to achieve good TSS removal, and attenuation of 
other pollutants, with volumes smaller than the current standard of 3 Vt. The volume 
of the ponds that were investigated at Duloch Park was 3 Vt. However, from the data 
obtained at Duloch Park, and by other researchers, predictions can not be made what 
impact a smaller water quality volume will have on nutrient removal in SUDS ponds. 
This is due to nutrient removal efficiencies in SUDS ponds still being insufficiently 
researched.
Results from the sediment distribution in the ponds strongly indicate that effective 
energy dissipation at pond inlets is an efficient way of minimising the effort required 
for removing pond sediments. In addition, water quality results and visual 
observations led to the conclusion that pre-settling facilities, such as detention basins 
or swales, significantly reduce the rate of sedimentation in SUDS ponds.
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8.5 Water Quality Index Conclusions
In this thesis, a water quality index was applied to SUDS for the first time and clear 
evidence is provided that the proposed index system is an excellent tool for reporting 
the complicated interactions between several water quality parameters in a robust and 
readily understood way. The index achieves its clarity in water quality reporting by 
assembling data from each of the included parameters in the same multivariate index 
formulation, since its metric of interest is the comparison of the measured data 
relative to its objective. It was also found that, in terms of SUDS performance 
analysis, the index is superior to the commonly used method of calculating the 
percentage removal of certain pollutants, as it unambiguously states the quality of 
discharge which is a key SUDS performance parameter.
The index proposed in this thesis is parameter weighted as experience from field 
observations at Duloch Park and reports by other researchers suggest that certain 
water quality parameters reflect SUDS performance better than others. It was also 
concluded that parameter weighting offers the most transparent and convenient way 
in case thinking towards the overall importance of certain water quality parameters 
changes and adjustments to their significance in the index need to be made.
It was found that several of the water quality parameters included in the freshwater 
quality index of the SDD (SDD, 1976) were not useful as SUDS performance 
indicators and their inclusion produced misleading performance results. These 
parameters were screened out, resulting in a SUDS water quality index consisting of 
five water quality parameters. The proposed water quality index, consisting of five 
parameters, is an appropriate tool for analysing the performance of SUDS, as it 
expresses the combined performance of the key water quality parameters, and also 
more convenient to use than the original index (e.g. fewer parameters to analyse).
Several researches have criticised or expressed concern over three key aspects of 
water quality indexes. The criticism and concern were levelled at freshwater indices, 
as this thesis is the first to apply a water quality index to SUDS, and can to a large 
extent be invalidated in a SUDS context. Of chief concern was the loss of detail 
when data is combined in a water quality index. However, water quality index 
scores are the product of the water quality scores of all parameters included in the
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index which can, therefore, be disaggregated into its components if detailed 
information is required. It can still be argued that the performance of the water 
quality parameters is hidden underneath the index score and potentially hazardous 
pollution concentrations could remain undetected. However, this can be avoided 
with a simple ‘penalty’ system, where the overall water quality score is reduced by a 
certain percentage if one of the parameters exceeds a certain threshold. It was 
concluded that the two remaining criticisms of water quality indexes are difficult to 
sustain when applied to SUDS. These are that important water quality parameters 
may not be considered and that the water quality index may not be appropriate to 
compare systems from different regions. Concerning the risk of leaving out 
important water quality parameters, it can be argued that in a SUDS context a well 
designed index provides a solid guideline for practitioners on what should be 
included in the monitoring programme. Additional parameters can be included if 
found of concern. The argument that comparing water quality from different 
locations may be problematic has no substance in a SUDS context, as these facilities 
should achieve a certain minimum outflow quality, similar to water treatment works.
From the work undertaken for this thesis it can be concluded that the use of the 
proposed water quality index is likely to result in better reporting of water quality 
investigations in SUDS, as this index provides a comprehensible method to condense 
the complex interactions of several water quality parameters into a readily 
understood index number.
8.6 Modelling Software Conclusions
PCSWMM 2002 was found to be suitable for the analysis of SUDS, although the 
software has several critical shortcomings. It was found that PCSWMM 2002 does 
not include a convenient tool for analysing permeable pavements and also that the 
software can not accommodate rain directly into open storage facilities, such as 
detention basins or ponds. During work on this thesis, methods were created to work 
around these shortcomings but there is a strong likelihood that these methods will not 
replicate peak flows from permeable pavements and storage facilities with absolute 
accuracy.
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It was also found that the minimum time step of 1 second and the lack of an 
automatic time step selector can cause problems with modelling of SUDS. This is 
due to links between SUDS facilities often being very short and time steps shorter 
than 1 second would be required for keeping the model stable. In these situations, 
PCSWMM 2002 avoids model instability by extending the lengths of the problematic 
links, again with the strong likelihood that the replication of peak flows may be 
distorted.
PCSWMM 2002 has two flow routing modules, Transport and Extran, each of them 
having several functions unique to them but most of them essential for SUDS 
analysis. This often requires the use of both modules for SUDS analysis and then 
combining their respective results. While no problems were encountered with the 
separate handling of network sections in these two modules, and the consequent 
combining of results, it would be much more convenient to have one module 
incorporating all the functions required for SUDS analysis.
In view of these aspects it was concluded that, although PCSWMM 2002 is a suitable 
and useful tool for SUDS analysis, there are still several software weaknesses that 
need to be addressed for developing it into a robust and convenient instrument for 
SUDS analysis.
8.7 Recommendations For Future Work
From the experience gained during work on this thesis there are six areas of study 
that are recommended for future work and these are outlined in the following 
paragraphs.
1. This research programme has shown that a water quality index is an excellent 
method for analysing and reporting the performance of SUDS. It is proposed to 
invest further work in enhancing the method proposed in this research to create 
an index that is valid for the whole of the UK.
2. It was evident that the SUDS ponds that were investigated as part of this
research performed well in removing certain pollutants. However, the duration
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of the water quality monitoring regime was not long enough to draw sound 
conclusions on the nutrient removal efficiency of the ponds. There is also no 
study by other researchers that covers nutrient fluxes in SUDS ponds over a 
whole annual growing cycle. It is therefore proposed to investigate nutrient 
fluxes in SUDS ponds over at least one complete seasonal cycle. Besides water 
samples, the research should look into processes of nutrient sedimentation. It 
should also include processes of nutrient evaporation and transformation by 
micro-organisms.
3. The water quality studies for this research concentrated on the performance of 
SUDS ponds. To date, little research has been undertaken on the water quality 
performance of SUDS treatment trains and the most effective arrangement of 
various SUDS components to achieve maximum pollution removal. Further 
studies to investigate these issues are therefore recommended.
4. Hydraulic and water quality investigations of this study were limited to the 
performance of SUDS ponds and, to a certain extent, SUDS treatment trains.
To date, very little research has been undertaken into investigating the 
hydraulic and water quality interactions between SUDS and receiving waters 
and a combined field and modelling study to investigate these issues is 
therefore recommended.
5. The computer simulations on SUDS in this study highlighted the shortcomings 
of SWMM in terms of available tools for SUDS components such as permeable 
pavements, large open storage, and infiltration. The shortcomings identified 
for SWMM are symptomatic for most currently available urban drainage 
models. It is therefore proposed to focus future research on the development of 
appropriate modelling tools for SUDS.
6. This research programme has shown that the effectiveness of SUDS in terms of 
peak flows and volumes reduction can be worked out with a simple equation.
To be of more value for decision makers, the equation should be expanded on 
two issues. Firstly, to include water quality effectiveness and, secondly, to 
provide information on attenuation effectiveness with uptake of space (and 
relative cost). Further research on this method is therefore recommended.
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A . S p i t z e r  a n d  C . J e f f e r i e s .  ( 2 0 0 5 ) .  W a t e r  Q u a li t y  P e r f o r m a n c e  o f  S U D S  P o n d s  A n a l y s e d  
o n  a  W Q I.  P r o c e e d in g s  o f  t h e  1 0 th  In ter n a tio n a l C o n f e r e n c e  o n  U rb a n  D r a in a g e , A u g u s t  2 1 -  
2 6 ,  2 0 0 5 ,  C o p e n h a g e n ,  D e n m a r k .
ABSTRACT
Results from a three year water quality (WQ) monitoring in two SUDS ponds are presented and the 
use of a water quality index (WQI) as a method for determining the WQ performance of Sustainable 
Urban Drainage Systems (SUDS) is proposed. WQ data were collected at the inlets and outlets o f the 
Halbeath and Linbum ponds, located in adjacent catchments in the Dunfermline Eastern Expansion 
Area (DEX) in Eastern Scotland.
Pond inflows and outflows were analysed for DO, pH, TSS, turbidity, chloride, conductivity, NH3 and 
P 04+. The results show that both ponds performed well in removing TSS. There was no evidence o f  
nutrient removal in either pond. Runoff from the residential housing area in the Linbum pond 
catchment typically carried the highest pollutant loads and the data suggest that several pollution 
events occurred during construction in the catchment. Improvement o f site practices and better 
housekeeping in residential areas would lead to significant runoff improvements.
The use of a parameter-weighted WQI for WQ analysis is proposed, as it can be easily adapted to 
SUDS situations. A WQI also allows better evaluation of SUDS performance than evaluation from 
single WQ parameters and is suitable for use in modelling software and standard spreadsheet 
applications._____________________ _______________________________________________________
A . S p i t z e r  a n d  C . J e f f e r i e s .  (2 0 0 3 ) .  H y d r a u l ic  a n d  W a t e r  Q u a lit y  P e r f o r m a n c e  O f  T w o  
S U D S  P o n d s  A n d  T r e a t m e n t  T ra in s  In  T h e  D u n f e r m l i n e  E a s t e r n  E x p a n s io n  A r e a  -  A  F i e ld  
a n d  M o d e l l i n g  S t u d y .  C o n f e r e n c e  P r o c e e d in g s ,  2 nd N a tio n a l C o n f e r e n c e  o n  S u s t a in a b le  
D r a in a g e  (In co r p o r a tin g  2 4 th  M ee tin g  o f  S ta n d in g  C o n f e r e n c e  o n  S to r m w a te r  S o u r c e  
C o n tro l) 2 3 - 2 4  J u n e  2 0 0 3  a t  C o v e n tr y  U n iv e r s ity .
ABSTRACT
This paper presents a preliminary analysis of the hydraulic and water quality performance o f two 
SUDS ponds serving catchments in the Dunfermline Eastern Expansion area based on results obtained 
during rainfall-runoff events. The hydraulic performance of the in-situ treatment trains is compared 
with alternative scenarios using modelling in PCSWMM. The catchments studied were the Halbeath 
and Linbum pond catchments draining a leisure park and a housing development respectively, 
together with associated roads. House construction was continuing in the Linbum catchment during 
the sampling period.
Flows at the pond outlets were measured at fifteen-minute intervals and at the inlets in two-minute 
intervals over a three-month period in 2002 as part of a longer-term study. Intermittent water quality 
sampling at the inlets to the ponds was event-triggered and at five minute intervals and there was 
continuous water sampling at the pond outlets. The samples were analysed for a range of physical -  
chemical parameters. No extreme rainfall events were recorded during the sampling period and 
flushing of retention ponds did not occur.
The hydraulic and water quality performance of the ponds is being evaluated from the analysis o f the 
acquired data. The hydraulic effectiveness of alternative treatment train arrangements is being 
evaluated using PCSWMM. In the Halbeath catchment the existing single pond layout is being 
compared with two scenarios, using a detention basin with different outlet structures. In the Linbum 
catchment the existing arrangement is to be compared with a treatment train without the pond and 
with a treatment train from which two of the upstream detention basins were removed. Preliminary 
results of the evaluation are discussed and presented in this paper.
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W . S c h l u t e r ,  A . S p i t z e r  a n d  C . J e f f e r i e s .  ( 2 0 0 2 ) .  P e r f o r m a n c e  o f  T h r e e  S u s t a i n a b le  U r b a n  
D r a i n a g e  S y s t e m s  in  E a s t  S c o t la n d .  G lo b a l S o lu t io n s  F o r  U rb a n  D r a in a g e , P r o c e e d i n g s  O f  
T h e  9 th In ter n a tio n a l C o n f e r e n c e  O n  U r b a n  D r a in a g e , S e p t e m b e r  8 - 1 3 ,  2 0 0 2 ,  L loyd  C e n tr e  
D o u b le tr e e  H o te l, P o r tla n d , O r e g o n .
ABSTRACT
The performance of three different Sustainable Urban Drainage Systems (SUDS) in East Scotland is 
outlined in this paper. These systems are a porous pavement at the Royal Bank of Scotland (RBS) in 
Edinburgh, a roadside filter drain along Lang Stracht Aberdeen (LSA) and a regional SUDS at 
Dunfermline Eastern Expansion (DEX). The systems’ performance in attenuating flows proved to be 
satisfactory. This is shown by consideration of percentage runoff, initial runoff loss, monthly outflow 
reduction of rainfall and lag time. The systems were found to perform well in attenuating pollutant 
peaks. This is investigated through comparison of inflow and outflow concentrations as well as 
comparison with Environmental Quality Standards (EQS). Samples were analysed for standard 
sanitary parameters at all sites in addition to heavy metals and hydrocarbons at RBS.
A computer model was developed to simulate outflow from the porous pavement at RBS and the filter 
drain at LSA. The modelling results show an excellent prediction o f the outflow behaviour from the 
porous pavement and preliminary simulation show reasonable agreement with the outflow from the 
filter drain. Research at LSA and DEX is ongoing.
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Appendix B -  Field Monitoring Schedules
T a b le  B 1 : H y d r a u l ic  i n v e s t i g a t i o n s  -  m e a s u r e m e n t  l o c a t i o n s  a n d  p e r i o d s
Location Year: 1999
Type of data Data recorded Data gaps
Raingauge at Annfield Tipping bucket, real time recording 01/01/99-31/12/99
Halbeath pond: Outlet Water levels: 15 min interval, continuous 06/06/99-31/12/99
Linburn pond: Outlet Water levels: 15 min interval, continuous
14/05/99 -  23/09/99 
14/10/99-31/12/99 24/09/99 -13/10/99
Location Year: 2000
Type of data Data recorded Data gaps
Raingauge at DEX, South Fod Tipping bucket, real time recording 19/05/00 -  31/12/00
Raingauge at Annfield Tipping bucket, real time recording 01/01/00 -  04/09/00 01/10/00-18/12/00
05/09/00 -  30/09/00 
19/12/00-31/12/00
Halbeath pond: Outlet Water levels: 15 min interval, continuous 01/01/00-31/12/00
Linbum pond: Outlet Water levels: 15 min interval, continuous
01/01/00-10/01/00
02/02/00-31/12/00 11/01/00-01/02/00
Detention D/M: Outlet Water levels: 15 min interval, continuous
10/03/00 -  31/03/00 
04/04/00-10/10/00 
25/10/00-31/12/00
01/04/00 -  03/04/00 
11/10/00-24/10/00
Location Year: 2001
Type of data Data recorded Data gaps
Raingauge at DEX, South Fod Tipping bucket, real time recording 01/01/01 -24/09/01 08/11/01-31/12/01 25/09/01-07/11/01
Raingauge at Annfield Tipping bucket, real time recording 10/01/01-31/12/01 01/01/01-09/01/01
Halbeath pond: Inlet Water levels: 2 min interval, continuous 25/09/01 -31/12/01
Halbeath pond: Outlet Water levels: 15 min interval, continuous 01/01/01-19/12/01 20/12/01-31/12/01
Linburn pond: Outlet Water levels: 15 min interval, continuous 01/01/01-31/12/01
Detention D/M: Outlet Water levels: 15 min interval, continuous
01/01/01-11/09/01 
18/09/01-19/11/01 
23/11/01 -30/11/01 
10/12/01-31/12/01
12/09/01 -17/09/01 
20/11/01-22/11/01 
01/12/01 -09/12/01
Location Year: 2002
Type of data Data recorded Data gaps
Raingauge at DEX, South Fod Tipping bucket, real time recording 01/01/02-07/06/0212/06/02-31/12/02 08/06/02-11/06/02
Raingauge at Annfield Tipping bucket, real time recording 01/01/02 -  01/07/02
Halbeath pond: Inlet Water levels: 2 min interval, continuous 01/01/02 -  08/07/02
Halbeath pond: Outlet Water levels: 15 min interval, continuous 04/01/02 -  08/07/02
Linburn pond: Inlet E Flows: 5 min interval, continuous 29/03/02 -  09/07/02
Linburn pond: Inlet NE Flows: 2 min interval, continuous 03/04/02 -16/05/02 12/06/02 -  01/07/02 17/05/02-11/06/02
Linburn pond: Inlet N1A Flows: 2 min interval, continuous 03/04/02 -  01/07/02
Linburn pond: Inlet NIB Flows: 2 min interval, continuous 03/04/02 -  01/07/02
Linburn pond: Outlet Water levels: 15 min interval, continuous 01/01/02 -  08/07/02
Detention D/M: Outlet Water levels: 15 min interval, continuous
01/01/02-11/01/02
13/01/02-02/05/02
10/05/02-01/07/02
12/01/02
03/05/02-09/05/02
T a b le  B 2 :  H a lb e a t h  a n d  L in b u r n  p o n d  -  s a m p l i n g  r o u t in e  a n d  d e p l o y m e n t  o f  a u t o -
s a m p e r s  a t  in -  a n d  o u t l e t s
Location Start End Routine
Halbeath Pond Inlet 15 May 01 (Block 1) 
08 Feb 02 (Block 2)
15 Jun 01 (Block 1) 
08 Mar 02 (Block 2)
*1
*1
Halbeath Pond Outlet 15 May 01 (Block 1) 
08 Feb 02 (Block 2)
22 Jun 01 (Block 1) 
08 Mar 02 (Block 2)
*2; *3 
*3
Linbum Pond Inlet East 22 Mar 02 13 May 02 *4
Linbum Pond Inlet North East 22 Mar 02 13 May 02 *1
Linbum Pond Inlet N1A (residential) 22 Mar 02 13 May 02 *1
Linbum Pond Inlet NIB (road) 22 Mar 02 13 May 02 *1
Linbum Pond Inlet N2 no sampling no sampling
Linbum Pond Outlet 22 Mar 02 06 Jun 02 *4
Notes to 'Routine':
* 1 = event triggered, 5 min interval, 2 shots/bottle
*2 = manually triggered, 1 h interval, 2 shots/bottle till 23/05/01, then routine (*3)
*3 = manually triggered, 2 h interval, 2 shots/bottle
*4 = manually triggered, 3 h 20 min interval, 3 shots/bottle
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T a b le  B 3 :  H a lb e a h p o n d  -  d e p l o y m e n t  o f  w a t e r  q u a l i t y  s o n d e s
Halbeath Pond Inlet Parameter
Block pH DO
(%tage sat)
Turbidity
(NTUs)
Conductivity
(micro S / cm)
Temperature
(degrees C)
23/11/00 13:00-30/11/00 23:45 X X X X X
12/12/00 11:45-29/12/00 13:15 X X X X X
09/03/01 15:30 - 27/03/01 10:15 X X X X X
07/05/01 16:00- 17/05/01 17:15 X X X X X
17/05/01 17:15 -23/05/01 14:00 X X X X
23/05/01 14:00- 12/06/01 14:15 X X X X X
12/06/01 14:15 - 13/06/01 10:45 X X X X
13/06/01 10:45 - 29/06/01 09:30 X X X X X
30/11/01 15:00-04/01/02 13:00 X X X X X
09/01/02 14:30 - 08/02/02 12:00 X X X X X
15/02/02 15:15 - 01/03/02 13:00 X X X X X
10/03/02 14:00 - 29/04/02 23:00 X X X X X
02/05/02 10:45 - 23/05/02 09:00 X X X X X
28/05/02 15:15-01/07/02 11:30 X X X X X
Halbeath Pond Outlet Parameter
Block pH DO
(%tage sat)
Turbidity
(NTUs)
Conductivity
(micro S / cm)
Temperature
(degrees C)
10/05/00 15:30 - 23/05/00 05:15 X X X X X
17/10/00 20:00- 14/11/00 11:30 X X X X X
15/11/00 15:15 - 30/11/00 23:45 X X X X X
09/03/01 15:30-27/03/01 10:00 X X X X
07/05/01 16:00-23/05/01 14:15 X X X X X
23/05/01 14:15-30/05/01 14:00 X X X X
30/05/01 14:00-05/06/01 11:15 X X X X X
13/06/01 10:00-29/06/01 09:00 X X X X X
05/06/01 11:15-29/06/01 09:15 X
30/11/01 15:00-04/01/02 12:30 X X X X X
09/01/02 14:15 - 15/02/02 10:45 X X X X X
22/02/02 13:45 - 06/04/02 01:00 X X X X X
06/04/02 01:00 - 24/04/02 15:15 X X X X
24/04/02 15:15 - 03/06/02 18:30 X X X X X
12/06/02 11:00 - 01/07/02 11:00 X X X X X
T a b le  B 4 :  L in b u r n  p o n d  -  d e p l o y m e n t  o f  w a t e r  q u a l i t y  s o n d e s
Linburn Pond Outlet Parameter
Block pH DO
(%tage sat)
Turbidity
(NTUs)
Conductivity
(micro S / cm)
Temperature
(degrees C)
24/04/00 13:15 - 20/05/00 11:45 X X X X X
24/05/00 12:30 - 29/05/00 09:30 X X X X X
31/05/00 10:30 - 04/06/00 06:00 X X X X X
05/06/00 12:00 - 13/06/00 10:15 X X X X X
31/05/00 10:45 - 20/06/00 12:15 X X X
13/06/00 10:15 - 20/06/00 12:15 X X X X X
05/06/00 12:00 - 20/06/00 12:15 X X X X X
10/10/00 12:00 - 14/11/00 08:00 X X
15/11/00 15:15-23/11/00 10:30 X X X X X
08/05/01 10:15 - 17/05/01 16:15 X X X X
23/05/01 21:30-24/05/01 10:15 X X X X
28/05/01 09:00 - 13/06/01 11:30 X X X
11/06/01 14:45- 13/06/01 11:30 X X X X
15/06/01 10:00-25/06/01 12:15 X X X
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Appendix C: Pond Equations And Discharge Curves
Halbeath Pond -  Inflows
Inflows to the pond were measured over a weir with a sharp crested rectangular 
notch and the equation below was used for calculating flows from water levels.
Where:
Q = volume of discharge (m3/s)
CD = coefficient of discharge (0.62 was used) 
b = length o f weir (m)
g = gravitational acceleration
H = crest of water over weir
Halbeath Pond -  Outflows
A full size model of the outlet pipe was constructed to obtain the characteristic level 
-  discharge curve for this location. Flows over the rim of the outlet pipe and the wall 
of the wet well were mathematically derived. For this it was assumed that the rim of 
the pipe acted like a circular broad crested weir and the wall operated like a straight 
broad crested weir. The equation below was used for deriving flows from water 
levels. A weir discharge coefficient of 1.6 was used (Sutton, 2005; Hamill, 1995).
Where: Q = volume of discharge (m3/s)
C = coefficient of discharge 
b = length of weir 
H = crest o f water over weir
A 6-order polynomial for computation of flows from water levels between zero to 
202 mm was calculated as water levels during the monitoring period never exceeded 
200 mm. The resulting graph is shown in Figure 1 below, the complete head - 
discharge graph for this location is shown in Figure 2.
E q u a t i o n  C 1
3
Q  = C x b x H 2 E q u a t i o n  C 2
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Halbeath Pond Outlet: Level Discharge Measurements on Model of Outlet 
Structure (Scale 1:1) and Derived Polynominal Equation for Levels up to 
200 mm Above Datum
water level above datum (mm)
♦  Measured values — ..Derived 6-order polynominal
F ig u r e  C 1 : H a lb e a t h  P o n d  - D i s c h a r g e  g r a p h  f o r  0  t o  2 0 2  m m  w a t e r  l e v e l s
Halbeath Pond Outlet: Level-Discharge curve to 100-year+ water
level
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F ig u r e  C 2 : H a lb e a t h  P o n d  -  C o m p l e t e  D i s c h a r g e  g r a p h
T a b le  C 1 : H a lb e a t h  p o n d  o u t l e t  - d e t a i l s  a s  u s e d  f o r  m o d e l  v e r i f i c a t i o n
W ater depth (m) Pond area (m 2) Pond storage (m 3) F low  (m 3/s)
0 1819.55 0 0
1 2334.15 2076.85 0
1.4 2557.91 3055.27 0
1.675 3200 3918.95 0.00001
1.695 3290.52 4126.9 0.00149
1.718 3313.09 4299.25 0.00494
1.783 3410.72 4404.16 0.00854
1.812 3468.45 4506.9 0.01379
1.895 3636.34 4810.6 0.0227
1.991 3835.48 5180 0.0362
2.055 3971.19 5437.31 0.04757
2.122 4115.78 5716.35 0.06012
2.16 4198.94 5879.07 0.0658
2.176 4234.21 5948.56 0.31428
2.197 4280.72 6040.65 0.50144
2.227 4347.59 6173.96 0.7144
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Linburn Pond -  Outflows
Outflow from the pond was over a weir plate with four 90 degrees V-notches in 
parallel and the outflow rates were calculated with a modified standard equation for 
V-notch weirs. The equation is shown below.
Q = 4
15
x C D x tanu, x (2^ )2  x H
5 \
Where:
Q
CD
tan(0/2) =
g
H
volume of discharge (m3/s) 
coefficient of discharge (0.62 was used) 
tangent of weir opening angle 
gravitational acceleration 
crest of water over weir
E q u a t io n  C 3
The discharge graph through the V-notches of the weir is shown in Figure 3. The 
complete discharge graph for this location is shown in Figure 4.
Level-Discharge curve for outlet weir at Linburn Pond (V-notches only)
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F ig u r e  C 4 : L in b u r n  P o n d  -  C o m p le t e  D i s c h a r g e  g r a p h
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T a b le  C 2 :  L in b u r n  p o n d  o u t l e t  -  d e t a i l s  a s  u s e d  f o r  m o d e l v e r i f i c a t i o n
Water 
depth (m)
Pond area 
(m2)
Pond storage 
(m3)
Flow
(m3/s)
0 5047 0 0
2.785 6600 12500 0
2.8 8278 14700 0.0002
2.815 13555 15000 0.0009
2.825 13594 15100 0.002
2.835 13632 15200 0.0032
2.86 13684 15350 0.0087
2.885 13748 15700 0.0179
2.909 13812 16300 0.0307
2.925 13917 17200 0.0415
2.995 14099 17900 0.1145
3.026 14178 18200 0.1599
3.03 14190 18400 0.2863
3.058 14263 18800 0.6044
3.167 14550 19000 1.3358
Detention Basin D/M - Outflows
Outflows from detention basin D/M were controlled by a Hydrobrake and its 
characteristic discharge curve is shown in Figure 5.
F ig u r e  C 5 : D e t e n t io n  B a s i n  D /M  -  H y d r o b r a k e  d i s c h a r g e  g r a p h  (c o u r te s y  o f  H y d ro
In ter n a tio n a l)
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Appendix D: Rainfall Details
T a b le  D 1 : S u m m a r y  o f  r a in fa ll  e v e n t  m o n i l to r in g
No of events 767
Minimum time for event separation (hours) 0.5
Start of first recorded event 19/05/0011:44
Start o f  last recorded event 08/07/02 20:52
Total recorded rain depth (mm) 1614
Rain depth recorded during events (mm) 1439.4
Rain depth discarded as "Non Event" (single tipping bucket tips) (mm) 174.6
Percentage o f total rainfall in “Non Events” 10.82
Maximum recorded rain depth (mm) 37.4
Duration o f maximum rain depth event (hours) 18.45
Maximum rain intensity (mm/h) 60
Rain depth o f  maximum intensity event (mm) 1
Duration o f maximum rain intensity event lm44s (0.0167 h)
T a b le  D 2 : C o m p a r i s o n  o f  m o n t h ly  r a in  d e p t h s  a t  D u lo c h  P a r k  a n d  A n n f i e ld
Month Rain depth measured at Rain depth measured at Percentage difference o f rain depths measured at
DEX -  South Fod (mm) Annfield (mm) Annfield to DEX -  South Fod
Jul-00 33.6 42.8 127.4%
Aug-00 79.4 85.6 107.8%
Sep-00 122.6 #N/A tiWA
Oct-OO 102.6 #N/A m /A
Nov-00 93.6 117.8 125.9%
Dec-00 73.8 #N/A #N/A
Jan-01 22.6 11.6 51.3%
Feb-01 81.8 106 129.6%
Mar-01 48.6 80 164.6%
Apr-01 50 62.2 124.4%
May-01 33.2 40.2 121.1%
Jun-01 60.4 74.2 122.8%
Jul-01 84.8 80.6 95.0%
Aug-01 93 102.2 109.9%
Sep-01 #N/A 46.6 #N/A
Oct-01 #N/A 109.8 #N/A
Nov-01 #N/A 61.8 #N/A
Dec-01 13.8 33.4 242.0%
T a b le  D 3 : R a in  e v e n t s  w i t h in  s p e c i f i c  d u r a t io n  b o u n d a r i e s
Event duration Number of events within 
duration (cumulative)
Percentage of events within 
duration (cumulative)
Event interval Percentage o f events 
within time interval
2 minutes 27 3.52 <=2 min 3.52
5 minutes 59 7.69 >2 to 5 min 4.17
10 minutes 117 15.25 >5 to 10 min 7.56
12 minutes 139 18.12 >10 to 12 min 2.87
18 minutes 212 27.64 >12 to 18 min 9.52
24 minutes 295 38.46 >18 to 24 min 10.82
30 minutes 383 49.93 >24 to 30 min 11.47
36 minutes 419 54.63 >30 to 36 min 4.69
42 minutes 458 59.71 >36 to 42 min 5.08
48 minutes 488 63.62 >42 to 48 min 3.91
54 minutes 515 67.14 >48 to 54 min 3.52
1 hour 542 70.66 >54 min to 1 h 3.52
1.5 hours 618 80.57 >1 to 1.5 h 9.91
2 hours 666 86.83 >1.5 to 2 h 6.26
3 hours 711 92.70 >2 to 3 h 5.87
4 hours 729 95.05 >3 to 4 h 2.35
5 hours 747 97.39 >4 to 5 h 2.35
6 hours 756 98.57 >5 to 6 h 1.17
7 hours 758 98.83 >6 to 7 h 0.26
8 hours 760 99.09 >7 to 8 h 0.26
9 hours 763 99.48 >8 to 9 h 0.39
10 hours 764 99.61 >9 to 10 h 0.13
11 hours 764 99.61 >10 to 11 h 0.00
12 hours 765 99.74 >11 to 12 h 0.13
13 hours 765 99.74 >12 to 13 h 0.00
14 hours 766 99.87 >13 to 14 h 0.13
15 hours 766 99.87 >14 to 15 h 0.00
16 hours 766 99.87 >15 to 16 h 0.00
17 hours 766 99.87 >16 to 17 h 0.00
18 hours 766 99.87 >17 to 18 h 0.00
19 hours 767 100.00 >18 to 19 h 0.13
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Table D4: Inter event periods within specific duration boundaries
Duration of dry 
period
Number of events within 
duration (cumulative)
Percentage of events within 
duration (cumulative)
Event interval Percentage of events 
within time interval
1 hours 142 18.59 <=1 h 18.59
2 hours 249 32.59 >1 to 2 h 14.01
3 hours 302 39.53 >2 to 3 h 6.94
4 hours 341 44.63 >3 to 4 h 5.10
5 hours 376 49.21 >4 to 5 h 4.58
6 hours 404 52.88 >5 to 6 h 3.66
7 hours 421 55.10 >6 to 7 h 2.23
8 hours 435 56.94 >7 to 8 h 1.83
9 hours 451 59.03 >8 to 9 h 2.09
10 hours 467 61.13 >9 to 10 h 2.09
11 hours 477 62.43 >10 to 11 h 1.31
12 hours 486 63.61 >11 hto 12 h 1.18
18 hours 549 71.86 >12 to 18 h 8.25
24 hours 582 76.18 >18 to 24 h 4.32
36 days 623 81.54 >24 to 36 h 5.37
2 days 665 87.04 >36 h to 2 d 5.50
3 days 703 92.02 >2 to 3 d 4.97
4 days 723 94.63 >3 to 4 d 2.62
5 days 734 96.07 >4 to 5 d 1.44
6 days 745 97.51 >5 to 6 d 1.44
8 days 754 98.69 >6 to 8 d 1.18
10 days 758 99.21 >8 to 10 d 0.52
12 days 759 99.35 >10 to 12 d 0.13
14 days 761 99.61 >12 to 14 d 0.26
17.5 days 764 100.00 >14 to 17.5 d 0.39
T a b le  D 4 : C u m u la t iv e  p e r c e n t a g e s  o f  e v e n t s  w i t h in  s p e c i f i c  r a in  d e p t h  a n d  r a in
i n t e n s i t y  b o u n d a r i e s
Event rain depth % of total number of Event intensity % of total number of
events events
=< 0.4 mm 27.5% =< 1 mm/hr 18.1%
=< 0.6 mm 41.1% =< 2 mm/hr 61.2%
=< 0.8 mm 51.0% =< 3 mm/hr 79.8%
=< 1 mm 58.4% =< 4 mm/hr 86.6%
=< 2 mm 76.8% =< 5 mm/hr 90.0%
=< 3 mm 85.5% =< 6 mm/hr 92.8%
E =< 4 mm 89.3% HHH =< 7 mm/hr 93.6%
H =< 5 mm 92.3% C0 =< 8 mm/hr 95.6%
HH
W =< 6 mm 93.7% w =< 9 mm/hr 95.8%
=< 7 mm 95.8% H =< 10 mm/hr 96.4%
g =< 8 mm 96.5% s =<11 mm/hr 96.9%
< =< 9 mm 97.0% a =<12 mm/hr 98.0%
K =< 10 mm 97.7% < =< 13 mm/hr 98.0%
=<11 mm 98.0% « =<14 mm/hr 98.1%
=< 12 mm 98.2% =<15 mm/hr 98.3%
=< 13 mm 99.1% =< 20 mm/hr 99.1%
=< 14 mm 99.1% =< 25 mm/hr 99.6%
=< 15 mm 99.2% =<30 mm/hr 99.7%
=< 20 mm 99.5% =<35 mm/hr 99.7%
=< 25 mm 99.7% =< 40 mm/hr 99.9%
=< 30 mm 99.9% =< 60 mm/hr 100.0%
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A p p e n d i x  E :  C o r r e l a t i o n s ,  R e s p o n s e  T i m e s  A n d  
C a t c h m e n t  C o n t r i b u t i o n s
Table E1: Period and number of events used for correlation analysis
L o c a tio n S ta r t o f  f i r s t  
e v e n t
E nd  o f  la s t 
e v e n t
N u m b e r o f  e v e n ts  in  
a n a ly s is
Halbeath Pond - Inlet 24/09/01 08/07/02 201
Halbeath Pond - Outlet 19/05/00 08/07/02 275
Linburn Pond - Inlet E 21/03/02 08/07/02 97
Linbum Pond - Inlet NE 11/04/02 30/06/02 45
Linburn Pond - Inlet N1A 11/04/02 30/06/02 91
Linburn Pond - Inlet N1B 11/04/02 01/07/02 91
Linburn Pond - Outlet 19/05/00 01/07/02 317
Detention Basin D/M - Outlet 19/05/00 30/06/02 246
Table E2: Halbeath pond inlet -  Correlations of rain to runoff and rain to flow rates
T e s t A P I 5 c o n s i d e r e d E q u .  o f  b e s t  f i t R 2 -  v a l u e
R a i n  d e p t h  v s .  r u n o f f  /  h a y e s y  =  0 . 1 8 6 x 0 . 4 7 2
R a i n  d e p t h  v s .  r u n o f f  /  h a n o y  =  1 . 4 5 1 x 0 . 8 3 8
R a in  d e p t h  v s .  p e a k  f l o w s y e s y  =  3 . 0 5 2 L n ( x )  +  1 .4 1 1 0 . 4 9 0
R a in  d e p t h  v s .  p e a k  f l o w s n o y  =  4 . 5 8 L n ( x )  +  6 . 4 2 1 0 . 6 4 4
W h e r e :  x  =  r a in  d e p t h ;  y  =  r u n o f f  /  h a ,  o r  x  =  p e a k  f l o w  r a te
Figure E1: Halbeath pond inlet - correlation of rain depths to total runoff volum es
Table E3: Halbeath pond outlet -  correlations of rain to runoff for the entire data 
_________________________________ period____________ _________________
D a t a  p e r i o d T e s t A P I 5 c o n s i d e r e d E q u .  o f  b e s t  f i t
R 2 -
v a l u e
A l l  e v e n t s
R a in  d e p t h  v s .  t o t a l  r u n o f f  /  h a y e s y  -  0 . 1 9 8 x  +  1 . 0 6 6 0 . 5 8 6
R a in  d e p t h  v s .  e v e n t  r u n o f f  /  h a y e s y  =  0 . 1 5  l x  — 0 . 0  1 0 . 6 0 3
R a in  d e p t h  v s .  e v e n t  r u n o f f  /  h a n o y =  1 . 1 1 6 x - 1 . 8 7 6 0 . 7 1 0
R a in  d e p t h  v s .  p e a k  f l o w s y e s y  =  0 . 0 2 2 x 0 . 5 0 8
R a in  d e p t h  v s .  p e a k  f l o w s n o y  =  0 . 1 4 9 x 0 . 7 0 8
W h e r e :  x  =  r a in  d e p t h ;  y  =  r u n o f f  /  h a ,  o r  x  =  p e a k  f l o w  r a t e
Halbeath Pond Outlet: Raindepth vs peak flows, 
with baseflow extracted; All Events
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Figure E2: Halbeath pond outlet - correlation of rain depths to event runoff volum es
and event peak flows
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T a b le  E 4: H a lb e a t h  p o n d  o u t l e t  -  C o r r e la t io n s  o f  r a in  t o  e v e n t  r u n o f f  f o r  d a t a  b l o c k s
_____________ f r o m  d i f f e r e n t  c a t c h m e n t  a g e s  _____________________
D a t a  p e r i o d T e s t A P I S c o n s i d e r e d E q u .  o f  b e s t  f i t
R 2 -
v a l u e
M a y  0 0  -  O c t  0 0 R a i n  d e p t h  v s .  e v e n t  r u n o f f  /  h a y e s y  =  0 . 1 5 5 x 0 . 4 8 7
O c t  0 0  -  O c t  0 1 R a in  d e p t h  v s .  e v e n t  r u n o f f  /  h a y e s y  =  0 . 1 5 2 x 0 . 5 9 5
O c t  0 1  - J u l  0 1 R a i n  d e p t h  v s .  e v e n t  r u n o f f  /  h a y e s y  =  0 . 1 3 9 x 0 . 6 2 4
W h e r e :  x  =  r a in  d e p t h ;  y  =  r u n o f f /  h a
Table E5: Halbeath pond outlet -  Correlations of rain to event runoff for summer and
winter season s
D a t a  p e r i o d T e s t A P I 5 c o n s i d e r e d E q u .  o f  b e s t  f i t
R 2 -
v a l u e
0 1  M a r - 3 1  O c t  
( s u m m e r  s t o r m s )
R a i n  d e p t h  v s .  e v e n t  
r u n o f f  /  h a
y e s y  =  0 . 1 2 2 x 0 . 5 6 0
0 1  N o v - 2 8  F e b  
( w i n t e r  s t o r m s )
R a i n  d e p t h  v s .  e v e n t  
r u n o f f  /  h a
y e s y  =  0 . 1 9 4 x  — 0 . 4 8 0 . 7 0 9
W h e r e :  x  =  r a in  d e p t h ;  y  =  r u n o f f  /  h a
Halbeath pond Inlet: Summary of Average Monthly
l Number of analysed events 
M in. recorded time
-Lag time (hours) 
Max. recorded time
Halbeath pond Outlet: Summary of Average 
Monthly Runoff Delays to Rainfall events
£ r
l Number of analysed events 
M in. recorded time
-Lag time (hours)
M ax. recorded time
Figure E3: Halbeath pond inlet and outlet: response times to rain (average, minimum
and maximum measured)
Table E6: Detention basin D/M outlet -  Correlations of rain to runoff volumes
T e s t A P I 5 c o n s i d e r e d E q u a t i o n  o f  b e s t  f i t R 2 -  v a l u e
R a i n  d e p t h  v s .  r u n o f f  /  h a y e s y =  1 . 7 0 x 0 . 5 5 0
R a i n  d e p t h  v s .  r u n o f f  /  h a n o y  =  9 . 4 1 x  — 4 . 9 6 0 . 9 7 0
W h e r e :  x  =  r a in  d e p t h ;  y  =  r u n o f f  /  h a
Detention Basin D/M - Outlet: Raindepth vs runoff 
volume per hectare
0 5 10 15 20 25 30 35 40
rainfall (mm)
Detention basin D/M Outlet: Summary of Average 
M onthly Runoff Delays to Rainfall events
= 1  Number of analysed events — •— Lag time (hours)
A Min. recorded time • .  Max. recorded time
Figure E4: Detention basin D/M: correlation of rain depths to total runoff volum es and 
response times to rain (average, minimum and maximum measured)
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Table E7: Linburn pond inlets -  Correlations of rain to runoff and peak flows
T e s t  | A P I 5 c o n s i d e r e d  | E q u .  o f  b e s t  f i t  | R 2 -  v a l u e
I n l e t  N o r t h e a s t
R a in  d e p th  v s .  r u n o f f  /  h a y e s y  =  0 .3 9 3 x 0 .8 2 3
R a in  d e p th  v s .  r u n o f f  /  h a n o y  =  2 . 4 6 7 x -  1 .0 5 3 0 . 6 2 6
I n l e t  N 1 A
R a in  d e p th  v s .  r u n o f f  /  h a y e s y  =  0 . 9 5 6 x -  1 .3 1 4 0 . 7 0 7
R a in  d e p th  v s .  r u n o f f  /  h a n o y  =  3 .6 7 5 x 0 . 2 5 4
I n l e t  N I B
R a in  d e p th  v s .  r u n o f f  /  h a y e s y  =  1 . 8 2 4 x -  0 .7 5 4 0 . 6 8 9
R a in  d e p th  v s .  r u n o f f  /  h a n o y  =  l l . 2 0 8 x - 2 . 5 5 0 . 6 4 8
R a in  d e p th  v s .  p e a k  f lo w s y e s y  =  0 .7 3 0 x 0 . 2 1 8
R a in  d e p th  v s .  p e a k  f lo w s n o y  =  4 .2 5 6 x 0 .1 8 3
I n le t  E a s t
R a in  d e p th  v s .  r u n o f f  /  h a y e s y  =  0 . 9 0 3 x - 2 . 8 3 0 . 6 0 2
R a in  d e p th  v s .  r u n o f f  /  h a n o y  =  3 .7 0 5 x  - 0 .8 1 4 0 . 2 6 2
R a in  d e p th  v s .  e v e n t  r u n o f f  /  h a y e s y  =  0 . 7 0 1 x -  2 .9 8 1 0 . 5 9 9
R a in  d e p th  v s .  e v e n t  r u n o f f  /  h a n o y  =  2 . 7 4 1 x -  1 .1 8 4 0 .2 3 8
R a in  d e p th  v s .  p e a k  f lo w s y e s y  =  0 .3 2 7 X +  1 .0 1 1 0 . 7 5 7
R a in  d e p th  v s .  p e a k  f lo w s n o y  =  1 . 3 5 2 x +  1 .7 1 8 0 . 3 3 6
R a in  d e p th  v s .  e v e n t  p e a k  f lo w s y e s y  =  0 . 3 0 0 x - 0 .0 6 0 0 . 7 6 0
R a in  d e p th  v s .  e v e n t  p e a k  f lo w s n o y =  1 .4 1 2 x 0 . 3 3 9
W h e r e : x  =  ra in  d e p th ;  y  =  r u n o f f  /  h a , o r  x  =  p e a k  f lo w  rate
Linbum Pond - Inlet East: Raindepth multiplied by 
API5 vs peak runoff with baseflow extracted; All 
Events
40
API5
Linburn Pond Inlet E: Summary o f Average M onthly 
Runoff Delays to Rainfall events
___j Number of analysed events
A M in. recorded time
-Lag time (hours) 
Max. recorded time
Figure E5: Linburn pond inlet E: correlation of rain depths to event runoff volum es 
and response times to rain (average, minimum and maximum measured)
Linburn Pond Inlet NE: Summary of Average 
M onthly Runoff Delays to Rainfall events
) Number of analysed events 
A M in. recorded time
-Lag time (hours) 
Max. recorded time
Figure E6: Linburn pond inlet NE: correlation of rain depths to total runoff volum es 
and response times to rain (average, minimum and maximum measured)
Linburn Pond - Inlet NfA: Raindepth multiplied by 
AP15 vs runoff volume per hectare; All Events
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Linburn Pond Inlet NfA: Summaryof Average 
M onthly Runoff Delays to Rainfall events
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Figure E7: Linburn pond inlet N1 A: correlation of rain depths to total runoff volum es 
and response times to rain (average, minimum and maximum measured)
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Linburn Pond Inlet N1B: Summaryof Average 
M onthly Runoff Delays to Rainfall events
-----1 Number of analysed events ♦ Lag time (hours)
▲ M in. recorded time • Max. recorded time
Linburn Pond Outlet: Summaryof Average Monthly 
Runoff Delays to Rainfall events
| 9  ~ '
• •
# _§_______ i
• •  I _<
ii
■
l Number of analysed events 
M in. recorded time
■Lag time (hours)
M ax. recorded time
Figure E8: Linburn pond inlet N1B and outlet: response times to rain (average, 
minimum and maximum measured)
Table E8: Linburn pond outlet -  Correlations of rain to runoff for the entire data period
D a t a  p e r i o d T e s t A P I 5 c o n s i d e r e d E q u .  o f  b e s t  f i t
r e ­
v a l u e
A l l  e v e n t s
R a in  d e p t h  v s .  t o t a l  r u n o f f  /  h a Y e s y  =  0 . 8 7 7 x  +  1 6 . 9 1 8 0 . 3 7 4
R a in  d e p t h  v s .  e v e n t  r u n o f f  /  h a Y e s y  -  0 . 7 4 2 x 0 . 3 9 3
R a i n  d e p t h  v s .  e v e n t  r u n o f f  /  h a N o y  =  4 . 2 5 x 0 . 5 5 9
W h e r e :  x  =  r a in  d e p t h ;  y  =  r u n o f f  /  h a
Table E9: Linburn pond outlet -  Correlations of rain to runoff for summer and winter
seasons
D a t a  p e r i o d T e s t A P I 5 c o n s i d e r e d E q u .  o f  b e s t  f i t
r e ­
v a l u e
A l l  s u m m e r  s t o r m s  
( 2 6  M a r  -  3 1  O c t )
R a i n  d e p t h  v s .  t o t a l  
r u n o f f  /  h a
y e s y  =  0 . 7 2 6 x  +  1 1 . 1 6 6 0 . 3 3 5
A l l  s u m m e r  s t o r m s  
( 2 6  M a r  -  3 1  O c t )
R a i n  d e p t h  v s .  e v e n t  
r u n o f f  /  h a
y e s y  =  0 . 5 9 2 x 0 . 4 2 1
1 6  M a y - 3 1  O c t  0 0  
( s u m m e r  s t o r m s )
R a i n  d e p t h  v s .  t o t a l  
r u n o f f  /  h a
y e s y  =  0 . 4 0 3 x +  1 8 . 4 3 6 0 . 1 3 0
1 6  M a y  -  3 1  O c t  0 0  
( s u m m e r  s t o r m s )
R a i n  d e p t h  v s .  e v e n t  
r u n o f f  /  h a
y e s y  = 0 . 3 8 3 x 0 . 0 8 0
0 1  M a r - 3 1  O c t  0 1  
( s u m m e r  s t o r m s )
R a in  d e p t h  v s .  t o t a l  
r u n o f f  /  h a
y e s y  =  0 . 8 5 5 x  + 9 . 8 7 6 0 . 4 0 7
0 1  M a r - 3 1  O c t  0 1  
( s u m m e r  s t o r m s )
R a i n  d e p t h  v s .  e v e n t  
r u n o f f  /  h a
y e s y  =  0 . 7 1 3 x 0 . 5 3 8
A l l  w i n t e r  e v e n t s  
( 0 1  N o v - 2 8  F e b )
R a in  d e p t h  v s .  t o t a l  
r u n o f f  /  h a
y e s y  =  0 . 9 4 4 x  +  2 9 . 4 0 8 0 . 4 1 7
A l l  w i n t e r  s t o r m s  
( 0 1  N o v - 2 8  F e b )
R a in  d e p t h  v s .  e v e n t  
r u n o f f  /  h a
y e s y  =  0 . 8 8 0 x 0 . 3 4 8
0 1  N o v  0 0 - 2 8  F e b  0 1  
( w i n t e r  s t o r m s )
R a in  d e p t h  v s .  t o t a l  
r u n o f f  /  h a
y e s y  =  1 . 0 4 9 x 4 - 3 7 . 5 7 0 0 . 4 1 0
0 1  N o v  0 0 - 2 8  F e b  0 1  
( w i n t e r  s t o r m s )
R a i n  d e p t h  v s .  e v e n t  
r u n o f f  /  h a
y e s y  =  0 . 9 7 9 x 0 . 2 9 5
0 1  N o v  0 1 - 2 8  F e b  0 2  
( w i n t e r  s t o r m s )
R a i n  d e p t h  v s .  t o t a l  
r u n o f f  /  h a
y e s y  =  0 . 8 3 8 x  + 2 0 . 6 8 0 . 5 6 2
0 1  N o v  0 1 - 2 8  F e b  0 2  
( w i n t e r  s t o r m s )
R a in  d e p t h  v s .  e v e n t  
r u n o f f  /  h a
y e s y  =  0 . 7 6 7 9 x 0 . 5 0 7
W h e r e :  x  =  r a in  d e p t h ;  y  =  r u n o f f  /  h a
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T a b le  E 1 0 :  L in b u r n  p o n d  o u tle t -  C o r r e la t io n s  o f  ra in  to  ru n o ff fo r  d a ta  b lo c k s  fro m
d iffe re n t s t a g e s  o f ca t c h m e n t  d e v e lo p m e n t
D a t a  p e r i o d T e s t
A P I s
c o n s i d e r e d
E q u .  o f  b e s t  f i t
R 2 -
v a l u e
M a y  0 0 -  M a r  0 1 R a i n  d e p t h  v s .  t o t a l  r u n o f f  /  h a y e s y  =  0 . 8 3 8 x  +  2 5 . 3 7 6 0 . 2 7 6
M a y  0 0  -  M a r  0 1 R a i n  d e p t h  v s .  e v e n t  r u n o f f  /  h a y e s y  =  0 . 7 4 9 x 0 . 2 3 6
A p r  0 1  -  J u n  0 2 R a i n  d e p t h  v s .  t o t a l  r u n o f f  /  h a y e s y  =  0 . 6 4 1 x  +  2 . 6 7 7 0 . 5 2 3
A p r  0 1  -  J u n  0 2 R a i n  d e p t h  v s .  e v e n t  r u n o f f  /  h a y e s y  =  0 . 7 3 7 x 0 . 5 6 2
M a y  0 0  -  J u l  0 0 R a i n  d e p t h  v s .  t o t a l  r u n o f f  /  h a y e s y  =  0 . 9 6 7 1 x +  1 6 .1 1 0 . 2 5 5
M a y  0 0  -  J u l  0 0 R a i n  d e p t h  v s .  e v e n t  r u n o f f  /  h a y e s y  =  0 . 7 5 5 x 0 . 3 5 4
A u g  0 0  -  D e c  0 0 R a i n  d e p t h  v s .  t o t a l  r u n o f f  /  h a y e s y  =  0 . 8 3 2 1 x  +  5 . 1 7 7 5 0 . 3 3 3
A u g  0 0  -  D e c  0 0 R a i n  d e p t h  v s .  e v e n t  r u n o f f  /  h a y e s y  =  0 . 9 3  l x 0 . 3 2 3
J a n  0 1  -  A p r  0 1 R a i n  d e p t h  v s .  t o t a l  r u n o f f  /  h a y e s y  =  0 . 5 2 5 7 x  +  4 4 . 1 8 9 0 . 1 9 4
J a n  0 1  -  A p r  0 1 R a i n  d e p t h  v s .  e v e n t  r u n o f f  /  h a y e s y  =  0 . 5 5 8 x - 0 . 1 9 7
M a y  0 1  -  A u g  0 1 R a i n  d e p t h  v s .  t o t a l  r u n o f f  /  h a y e s y  =  0 . 8 3 1 x +  1 3 . 7 7 2 0 . 4 8 9
M a y  0 1  -  A u g  0 1 R a i n  d e p t h  v s .  e v e n t  r u n o f f  /  h a y e s y  =  0 . 6 9 7 x 0 . 7 2 5
S e p  0 1  -  D e c  0 1 R a i n  d e p t h  v s .  t o t a l  r u n o f f  /  h a y e s y  =  3 . 6 2 7 x +  8 . 7 8 7 0 . 3 4 4
S e p  0 1  -  D e c  0 1 R a i n  d e p t h  v s .  e v e n t  r u n o f f  /  h a y e s y  =  2 . 7 9 2 x 0 . 3 0 0
J a n  0 2  -  A p r  0 2 R a i n  d e p t h  v s .  t o t a l  r u n o f f  /  h a y e s y  =  0 . 7 7 5 x 0 . 6 4 7
J a n  0 2  -  A p r  0 2 R a i n  d e p t h  v s .  e v e n t  r u n o f f  /  h a y e s y  =  0 . 9 4 2 x  +  1 3 . 6 1 1 0 . 6 4 7
M a y  0 2  -  J u n  0 2 R a i n  d e p t h  v s .  t o t a l  r u n o f f  /  h a y e s y = 0 . 6 4 1 x  +  2 . 6 7 7 0 . 5 2 3
M a y  0 2  -  J u n  0 2 R a i n  d e p t h  v s .  e v e n t  r u n o f f  /  h a y e s y  -  0 . 5 0 0 x 0 . 5 5 0
W h e r e :  x  =  r a i n  d e p t h ;  y  =  r u n o f f /  h a
T a b le  E 1 1 :  R a in fa ll a n d  re su lt in g  ru n o ff v o lu m e s  at H a lb e a th  a n d  L in b u r n  p o n d
c a t c h m e n t s
R a i n H a l b e a t h  p o n d  o u t l e t L i n b u r n  p o n d  o u t l e t
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J u n -0 0 5 0 .6 5 0 .6 9 2 9 2 1 8 .3 % 1 8 .3 % 5 5 0 5 5 0 1 0 8 .7 % 1 0 8 .7 %
J u l-0 0 3 3 .6 8 4 .2 18 1 1 0 5 .4 % 1 3 .1 % 2 7 7 8 2 7 8 2 .4 % 9 8 .2 %
A u g - 0 0 7 9 .6 1 6 3 .8 9 6 2 0 7 1 2 .1 % 1 2 .6 % 6 2 2 1 4 4 9 7 8 .2 % 8 8 .5 %
S e p - 0 0 1 2 2 .6 2 8 6 .4 181 3 8 8 1 4 .8 % 1 3 .6 % 6 5 1 2 1 0 1 5 3 .1 % 7 3 .3 %
Oct-OO 1 0 2 .8 3 8 9 .2 1 5 9 5 4 7 1 5 .4 % 1 4 .1 % 1 1 6 1 3 2 6 2 1 1 3 .0 % 8 3 .8 %
N o v - 0 0 9 3 .4 4 8 2 .6 1 8 4 7 3 1 1 9 .7 % 1 5 .1 % 1 3 7 1 4 6 3 3 1 4 6 .8 % 9 6 .0 %
D e c - 0 0 7 4 5 5 6 .6 1 3 0 8 6 0 1 7 .5 % 1 5 .5 % 1 0 8 8 5 7 2 1 1 4 7 .1 % 1 0 2 .8 %
J a n -0 1 2 2 .6 5 7 9 .2 6 7 9 2 7 2 9 .5 % 1 6 .0 % 7 4 1 6 4 6 2 3 2 7 .8 % 1 1 1 .6 %
F e b -0 1 8 1 .8 6 6 1 1 4 0 1 0 6 7 1 7 .1 % 1 6 .1 % 1 0 5 6 7 5 1 8 1 2 9 .1 % 1 1 3 .7 %
M a r -0 1 4 8 .6 7 0 9 .6 7 5 1 1 4 2 1 5 .5 % 1 6 .1 % 9 2 4 8 4 4 2 1 9 0 .2 % 1 1 9 .0 %
A p r -0 1 5 0 7 5 9 .6 4 2 1 1 8 5 8 .5 % 1 5 .6 % 7 3 8 9 1 8 0 1 4 7 .6 % 1 2 0 .9 %
M a y -0 1 3 3 .2 7 9 2 .8 1 4 1 1 9 9 4 .2 % 1 5 .1 % 4 1 8 9 5 9 8 1 2 5 .9 % 1 2 1 .1 %
J u n -0 1 6 0 .4 8 5 3 .2 1 7 1 2 1 6 2 .8 % 1 4 .2 % 4 4 4 1 0 0 4 3 7 3 .6 % 1 1 7 .7 %
J u l-0 1 8 4 .8 9 3 8 2 8 1 2 4 4 3 .3 % 1 3 .3 % 6 3 2 1 0 6 7 5 7 4 .5 % 1 1 3 .8 %
A u g - 0 1 9 3 1 0 3 1 5 4 1 2 9 8 5 .8 % 1 2 .6 % 7 3 5 1 1 4 0 9 7 9 .0 % 1 1 0 .7 %
S e p -0 1 4 2 .4 1 0 7 3 .4 1 1 2 9 9 0 .3 % 1 2 .1 % 1 9 5 1 1 6 0 4 4 5 .9 % 1 0 8 .1 %
O c t-0 1 1 0 9 .8 1 1 8 3 .2 3 1 1 3 3 0 2 .8 % 1 1 .2 % 8 8 6 1 2 4 9 0 8 0 .7 % 1 0 5 .6 %
N o v - 0 1 4 8 .8 1 2 3 2 7 1 3 3 7 1 .4 % 1 0 .9 % 5 5 6 1 3 0 4 5 1 1 3 .9 % 1 0 5 .9 %
D e c - 0 1 2 7 .4 1 2 5 9 .4 # N /A 1 4 4 4 # N / A 1 1 .5 % 5 3 3 1 3 5 7 9 1 9 4 .6 % 1 0 7 .8 %
J a n -0 2 8 8 .2 1 3 4 7 .6 2 5 5 1 6 9 9 2 8 .9 % 1 2 .6 % 8 9 2 1 4 4 7 1 1 0 1 .2 % 1 0 7 .4 %
F e b - 0 2 1 2 3 .4 1 4 7 1 3 6 4 2 0 6 3 2 9 .5 % 1 4 .0 % 1 2 0 7 1 5 6 7 8 9 7 .8 % 1 0 6 .6 %
M a r -0 2 5 1 .6 1 5 2 2 .6 1 7 5 2 2 3 8 3 3 .9 % 1 4 .7 % 6 1 3 1 6 2 9 1 1 1 8 .8 % 1 0 7 .0 %
A p r -0 2 3 3 .4 1 5 5 6 5 7 2 2 9 5 1 7 .1 % 1 4 .7 % 1 6 2 1 6 4 5 2 4 8 .5 % 1 0 5 .7 %
M a y - 0 2 7 0 .2 1 6 2 6 .2 7 7 2 3 7 1 1 0 .9 % 1 4 .6 % 2 8 0 1 6 7 3 2 3 9 .9 % 1 0 2 .9 %
J u n -0 2 1 0 2 .6 1 7 2 8 .8 9 5 2 4 6 6 9 .3 % 1 4 .3 % 5 0 2 1 7 2 3 4 4 8 .9 % 9 9 .7 %
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H a lb e a th  &  L in b u rn  p o n d  c a tc h m e n ts : p e r c e n ta g e  d e c r e a s e  o f  
re sp o n se  t im e s  u sin g  M a y  99 a s  b a se  v a lu e  (M ay 99 -  D e c 0 1)
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F ig u r e  E 9 : H a lb e a th  &  L in b u r n  p o n d s  c a t c h m e n t s  -  c h a n g e  in r e s p o n s e  t im e s  
(a d a p te d  fro m  J e f f e r ie s  et a l, 2 0 0 2 )
T a b e E 1 2 :  C o n tr ib u t io n o f c a tc h m e n t  D /M  to  f o w  to ta ls  o f  c a t c h m e n t  N E
R a in F l o w s  a t  i n l e t  N E F l o w s  a t  o u t l e t  D /M C o n t r ib u t i o n  o f  
D / M  t o  t o t a l  a t  N E
A v e r a g e  
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0 .4 1 .7 2 .8 1 2 .2 0 .2 9 0 .1 0 .8 7 0 .6 2 3 .6 % 7 .1 %
2 6 .7 % 2 8 .4 %
0 .4 2 .2 7 .3 2 8 .7 0 .6 8 0 .8 0 .0 8 0 .0 6 1 1 .0 % 0 .3 %
0 .4 4 .8 2 .2 6 .3 0 .1 5 0 .4 3 .2 9 2 .3 5 1 7 .8 % 5 2 .3 %
0 .4 1 .0 3 .9 1 2 .3 0 .2 9 0 .9 4 .1 3 2 .9 5 2 3 .0 % 3 3 .7 %
0 .4 4 .8 9 .3 3 6 .4 0 .8 7 2 .3 3 .4 0 2 .4 3 2 4 .8 % 9 .3 %
0 .4 1 .0 2 .3 8 .5 0 .2 0 0 .6 1 .8 5 1 .3 2 2 6 .4 % 2 1 .8 %
0 .4 1 .2 1 .0 2 .9 0 .0 7 0 .5 0 .3 6 0 .2 5 4 9 .6 % 1 2 .4 %
0 .4 2 .0 0 .7 3 .4 0 .0 8 0 .4 3 .0 7 2 .1 9 5 7 .1 % 9 0 .5 %
0 .6 1 .3 1 .9 1 0 .2 0 .2 4 0 .4 4 .3 3 3 .0 9 2 1 .4 % 4 2 .5 %
2 6 .8 % 6 7 .0 %
0 .6 1 .0 1 .6 4 .1 0 .1 0 0 .5 3 .7 9 2 .7 1 3 2 .1 % 9 1 .5 %
0 .8 1 .0 5 .2 1 0 .1 0 .2 4 0 .5 1 .0 4 0 .7 4 9 .7 % 1 0 .3 % 9 .7 % 1 0 .3 %
1 1 .4 6 .6 1 4 .2 0 .3 4 1.1 3 .8 0 2 .7 2 1 6 .7 % 2 6 .9 %
2 2 .0 % 2 4 .0 %
1 0 .6 3 .3 3 7 .9 0 .9 1 0 .9 8 .0 2 5 .7 3 2 7 .4 % 2 1 .2 %
1 .8 1 3 .5 4 8 .7 7 9 .0 1 .8 8 2 .3 2 2 .2 2 1 5 .8 7 4 .7 % 2 8 .1 %
1 0 .4 % 3 4 .6 %
1 .8 1 .2 1 4 .9 5 2 .6 1 .2 6 2 .4 2 1 .6 4 1 5 .4 6 1 6 .1 % 4 1 .1 %
2 1 .2 1 6 .1 9 6 .5 2 .3 0 2 .1 1 4 .3 6 1 0 .2 6 1 3 .1 % 1 4 .9 % 1 3 .1 % 1 4 .9 %
2 .2 2 .6 2 4 .5 1 6 6 .2 3 .9 7 3 .4 1 7 .1 6 1 2 .2 6 1 3 .9 % 1 0 .3 % 1 3 .9 % 1 0 .3 %
2 .6 2 .6 4 3 .3 9 7 .9 2 .3 4 2 .8 1 0 .7 7 7 .7 0 6 .5 % 1 1 .0 % 6 .5 % 1 1 .0 %
3 .6 2 .0 2 8 .0 1 4 0 .2 3 .3 5 2 .9 1 6 .6 9 1 1 .9 2 1 0 .4 % 1 1 .9 % 1 0 .4 % 1 1 .9 %
3 .8 2 .5 4 0 .0 2 9 9 .1 7 .1 4 3 .1 2 0 .6 5 1 4 .7 5 7 .8 % 6 .9 % 7 .8 % 6 .9 %
4 .6 3 .2 7 7 .3 1 5 5 .8 3 .7 2 8 .5 3 5 .3 9 2 5 .2 8 1 1 .0 % 2 2 .7 % 1 1 .0 % 2 2 .7 %
6 .2 1 .4 2 2 .5 1 9 8 .6 4 .7 4 3 .2 4 4 .5 2 3 1 .8 0 1 4 .2 % 2 2 .4 % 1 4 .2 % 2 2 .4 %
6 .4 2 .8 5 3 .0 9 8 3 .2 2 3 .4 7 8 .2 7 7 .5 1 5 5 .3 6 1 5 .5 % 7 .9 % 1 5 .5 % 7 .9 %
6 .6 1 .4 2 3 .8 2 8 4 .0 6 .7 8 2 .3 2 9 .9 1 2 1 .3 7 9 .7 % 1 0 .5 % 9 .7 % 1 0 .5 %
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T a b le  E 1 3 :  C o m p a r is o n  o f p e a k  flo w  ra te s  at in le t N 1 B  to  o u tle t D /M
R a in N I B D /M % t a g e  d if f .  o f  p e a k  a t  o u t l e t  
D / M  t o  p e a k  a t  i n l e t  N I B
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0 .4 1 .0 2 .2 0 .1 6 .4 %
0 .4 4 .8 1 .7 1 .6 9 7 .8 %
0 .4 8 .0 0 .3 0 .1 2 1 .1 %
0 .4 1 2 .0 0 .2 0 .1 3 4 .9 %
0 .4 4 .8 4 .0 1 .6 4 1 .2 %
0 .4 1 .0 1 .4 0 .8 5 5 .1 %
5 7 .7 %
0 .4 2 .0 0 .4 0 .3 6 4 .1 %
0 .4 1 .2 0 .5 0 .4 6 6 .0 %
0 .4 1 .0 0 .8 0 .6 7 6 .1 %
0 .4 4 .8 1 .9 1 .4 7 1 .4 %
0 .4 1 .6 0 .5 0 .3 6 2 .4 %
0 .4 1 .0 0 .4 0 .4 9 6 .0 %
0 .6 1 .3 3 .1 0 .3 9 .1 %
0 .6 1 .6 1 .2 0 .3 2 3 .5 % 3 1 .8 %
0 .6 1 .0 0 .6 0 .4 6 2 .9 %
0 .8 1 .0 1 .7 0 .4 2 0 .9 %
0 .8 1 .7 2 .3 0 .9 4 0 .4 % 4 4 .1 %
0 .8 1.3 1 .0 0 .7 7 1 .0 %
1 7 .5 2 6 .2 1 .4 5 .2 %
1 1 .2 7 .6 0 .6 7 .5 %
1 2 .5 1 1 .8 1 .3 1 0 .9 %
2 9 .4 %
1 1 .4 3 .9 0 .8 2 0 .4 %
1 0 .6 1 .1 0 .6 5 7 .5 %
1 1 .4 1 .3 1 .0 7 4 .7 %
1 .6 1 .2 5 .1 1 .4 2 6 .7 % 2 6 .7 %
1 .8 1 3 .5 2 4 .2 1 .6 6 .8 %
1 .8 1 .2 7 .5 1 .7 2 3 .0 %
2 1 .2 6 .6 1 .5 2 2 .6 % 2 2 .6 %
2 .4 2 .8 2 7 .6 1 .9 6 .7 %
1 1 .1 %
2 .4 5 .0 2 3 .0 3 .6 1 5 .5 %
2 .6 2 .6 2 2 .7 2 .0 8 .8 % 8 .8 %
3 1 .2 3 .5 1 .6 4 6 .5 % 4 6 .5 %
3 .6 2 .0 1 3 .9 2 .1 1 4 .9 % 1 4 .9 %
3 .8 2 .5 3 .5 2 .2 6 3 .7 % 6 3 .7 %
4 .4 1 .6 5 .7 1 .8 3 1 .4 % 3 1 .4 %
6 2 .7 2 0 .4 5 .9 2 8 .7 % 2 8 .7 %
6 .2 1 .4 1 4 .9 2 .3 1 5 .4 % 1 5 .4 %
6 .6 1 .4 1 1 .0 1 .6 1 4 .9 % 1 4 .9 %
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A p p e n d i x  F :  G r e e n f i e l d  R u n o f f
Peak  G reenfield  Runoff R ates At Halbeath And Linburn P o n d s U sin g  IH 
124 (1994) Method (sp read sh eet adapted from Sco ttish  W ater)
Peak G reen fie ld  R u n o ff C a lcu la tion
D eve lopm ent S ite  Halbeath Pond C atchm ent
M ethod
E qua tion
In s titu te  o f H ydro logy 124 - F lood E s tim a tio n  fo r  S m all C atchm ents  
Qbar=0.00108A R E A °89SAAR117S O IL217
A rea
SAAR
SOIL
Q bar
S ite  area (K m 2)
A verage annua l ra in fa ll fo r  s ite  (m m )
S oil Index (T yp e l = 0.15 Type 2 = 0.3 Type 3 = 0.4 Type 4 = 0.45 Type 5 = 0.5) S ite  V a lue  ob 
Mean A nnu a l M axim um  F lood (m 3/s)
A rea ha 
A rea km 2 
SAAR 
SOIL
2 year g row th  fa c to r
13.5
0.135
700
0.45
0.85 Based on R egional C hart B e low
Qbar
Qbar
2 year peak f lo w  
2 year peak f lo w
0.0685 m 3/s 
68.5 l/s
58.2 l/s Site Area < 50ha - Use Interpolated value below as greenfield runoff rate 
50.4 l/s Linearly interpolated from 50ha runoff rate (see table below)
Note: if  ca lcu la ted  f lo w  rate is less than  5 l/s use 5l/s as the  a ttenua tion  rate.
Development size Method
0-50 ha The Institute of Hydrology Report 124 Flood Estimation for Small 
Catchments (1994) is to be used to determine peak green field run­
off rates.
Where developments are smaller than 50 ha, the analysis for 
determining the peak greenfield discharge rate should use 50 ha in 
the formula and linearly interpolate the flow rate value based on the ratio of the development to 50 ha.
FSSR 2 and 14 regional growth curve factors are to be used to 
calculate the greenfield peak flow rates for 1. 30 and 100 year return periods.
50 ha - 200 ha IH Report 124 will be used to calculate greenfield peak flow rates. 
Regional growth factors to be applied.
Above 200 ha IH Report 124 can be used for catchments that are much larger than 
200 ha. However, for schemes of this size it is recommended that 
the Flood Estimation Handbook (FEH) should be applied. Both the statistical approach and the unit hydrograph approach should be 
used to calculate peak flow rates. The unit hydrograph method will 
also provide the volume of greenfield run-off. However, where FEH 
is not considered appropriate for the calculation of greenfield run-off 
for the development site, for whatever reasons. IH 124 should be 
used.
D eve lopm ent S ite L in b u rn  Pond C atchm ent
M ethod In s titu te  o f H ydro logy 124 - F lood E s tim a tion  1
E quation Qbar= 0.00108AREA° 89SAAR 117S O IL217
Area S ite  area (Km 2)
SAAR A verage annua l ra in fa ll fo r  s ite  (m m )
SOIL S oil Index (T ype l = 0.15 Type 2 = 0.3 Type 3 =
Q bar Mean A nnua l M axim um  F lood (m 3/s)
A rea ha 67.5
A rea km 2 0.675
SAAR 700
SOIL 0.45
2 year g row th  fa c to r 0.85 Based on R egional C hart B e low
Qbar 0.2869 m 3/s
Qbar 286.9 l/s
2 year peak f lo w 243.9 l/s
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A p p e n d i x  G :  I n l e t s  L i n b u r n  P o n d  -  A c c u r a c y  O f  
L o g g e r  D a t a
Linburn Pond: Reliability of logger data at inlet N1B Linburn Pond: Reliability of logger data at inlet N1A
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
.. _
T •*’  • ’Is i  .
• ^
*** *
r • *
mnmm*, ,---------- ,---------- ,---------- ,
0.04 0.06 0.08
depth (m)
0.1 0.12 0.14
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Appendix H -  Water Quality Results
W ater Q uality at Halbeath Pond -  S u m m aries
T a b le  H 1 : H a lb e a th  p o n d  -  S u m m a r y  o f r e s u lt s  fro m  c o n t in u o u s  m o n ito rin g
H a l b e a t h  P o n d :
A l l  s a m p l e s  f r o m  
c o n t in u o u s  m o n i t o r i n g  
W i t h  W Q  s o n d e s
C
o
n
d
u
ctiv
ity
(m
icro
 S
/cm
)
T
u
rb
id
ity
(N
T
U
s)
D
O
 (%
sat)
T
em
p
era
tu
re
(d
eg
 C
)
S a m p l e  s iz e I n l e t 2 6 ,6 5 9 2 6 ,4 4 0 2 6 ,6 5 0 2 4 ,6 5 1 2 6 ,6 5 6
O u t le t 2 8 ,6 0 6 3 3 ,4 2 3 3 3 ,6 9 6 3 2 ,2 2 3 7 7 ,0 2 1
M a x i m u m  v a lu e I n l e t 1 0 .3 0 9 6 ,0 7 0 9 9 9 9 9 1 6 .0
O u t l e t 9 .3 4 3 ,3 0 1 7 7 1 0 0 2 0 .7
M i n i m u m  v a lu e I n l e t 6 .7 6 8 0 10 1 .2
O u t l e t 6 .9 1 8 0 0 2 4 0 .2
A r i t h m e t i c  M e a n I n l e t 7 .8 2 3 ,3 4 2 7 6 9 8 .2
O u t l e t 7 .7 6 1 ,3 9 8 4 7 3 9 .4
R a n g e I n l e t 3 .5 4 9 6 ,0 6 2 9 9 9 8 9 1 4 .8
O u t l e t 2 .4 3 3 ,2 2 1 7 7 7 6 2 0 .5
S t a n d a r d  d e v ia t io n I n l e t 0 .3 1 4 ,4 5 7 2 8 .3 1 3 .2 3 1 .9
O u t l e t 0 .4 2 6 2 8 4 .8 1 1 .2 4 5 .2
S k e w I n l e t - 0 .2 4 7 .8 0 1 0 .0 - 1 .7 0 0 .2 6
O u t le t 0 .2 9 0 .4 0 1 .8 -1 .0 1 0 .3 4
K u r t o s i s I n l e t - 0 .0 5 9 4 .5 3 1 7 5 .0 3 .7 8 0 .0 6
O u t le t 0 .2 5 - 0 .6 4 6 .0 2 .2 3 - 1 .3 5
C o n f i d e n c e  9 5 % I n l e t 0 .0 0 5 3 .7 2 0 .3 4 0 .1 7 0 .0 2
O u t le t 0 .0 0 6 .7 3 0 .0 5 0 .1 2 0 .0 4
T a b le  H 2 : H a lb e a th  p o n d -  S u m m a r y  o f  r e s u lt s  a n a ly s is  ( c o n t in u o u s  m o n ito r in g )
H a l b e a t h  P o n d :
A H  s a m p l e s  f r o m  
c o n t in u o u s  m o n i t o r i n g  
W it h  W Q  s o n d e s
P
H
(W
Q
I/1
0
0
)
C
o
n
d
u
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(W
Q
I/1
0
0
)
T
u
rb
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(W
Q
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0
0
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O
(W
Q
I/1
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0
)
T
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(W
Q
I/1
0
0
)
O
v
era
ll W
Q
I
(W
Q
I/1
0
0
)
S a m p l e  s iz e I n le t 2 6 ,6 5 9 2 6 ,5 1 4 2 6 ,6 4 9 2 4 ,6 5 1 2 6 ,6 5 6 2 4 ,6 9 7
O u t le t 2 8 ,6 0 6 3 3 ,4 2 3 3 3 ,6 9 6 3 2 ,2 2 3 7 7 ,0 2 1 2 8 ,1 6 8
M a x i m u m  v a lu e I n l e t 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 9 6
O u t le t 1 0 0 8 3 1 0 0 1 0 0 1 0 0 8 9
M i n i m u m  v a lu e I n l e t 2 2 0 0 0 1 0 0 14
O u t le t 4 4 0 2 9 11 8 0 16
A r i t h m e t i c  M e a n I n l e t 9 6 4 9 6 6 0 1 0 0 4 9
O u t le t 9 5 5 9 8 6 7 9 8 5 0
R a n g e I n l e t 7 8 1 0 0 1 0 0 1 0 0 0 81
O u t le t 5 6 8 3 7 1 8 9 2 0 7 3
S t a n d a r d  d e v ia t i o n I n l e t 5 .6 1 1 4 .6 5 1 5 .0 4 1 8 .8 9 0 .0 0 1 0 .8 0
O u t le t 7 .7 9 1 0 .0 5 6 .7 1 1 7 .7 3 5 .4 0 1 2 .2 4
S k e w I n l e t - 0 .9 0 5 .0 0 -3 .9 3 - 0 .9 2 N o n e - 0 .2 3
O u t le t - 2 .1 2 1 .7 4 - 3 .5 6 - 0 .7 1 - 3 .1 1 - 0 .4 9
K u r t o s i s I n le t 3 .0 2 2 6 .3 5 1 5 .7 2 0 .9 4 N o n e 1 .3 5
O u t le t 6 .1 2 2 .0 1 1 4 .3 5 0 .6 9 7 .6 9 - 0 .0 2
C o n f i d e n c e  9 5 % I n le t 0 .0 7 0 .1 8 0 .1 8 0 .2 4 N o n e 0 .1 3
O u t le t 0 .0 9 0 .1 1 0 .0 7 0 .1 9 0 .0 4 0 .1 4
N o t e :  T h e  m e a n  c o m b in e d  o v e r a ll  W Q I  i s  th e  a r ith m e tic  m e a n  o f  a l l  c o m b in e d  s c o r e s  a n d  e a c h  c o m b in e d  s c o r e  w a s  a  p r o d u c t
o f  a l l  in s ta n ta n e o u s  s c o r e s  at th e  t im e  o f  m e a s u r e m e n t .
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T a b le  H 3 : H a lb e a th  pond -  S u m m a r y  o f  r e s u t s  fro m  e v e n t  s a m p li n g  b lo c k  2 0 0 1
H a l b e a t h  P o n d :  
S a m p l e s  o f  2 0 0 1  
e v e n t  s a m p l i n g
N o t e :
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)
( n .d .= n o  d a t a )
S a m p l e  s iz e I n l e t 1 2 0 1 53 1 5 3 1 1 5 5 1 15 4 9 1 0 8 n .d . n .d . n .d .
O u t l e t 2 1 6 2 6 2 6 2 2 1 5 3 0 n .d . n .d . n .d . 6 3
M a x i m u m I n l e t 7 .8 5 2 1 ,1 0 0 3 2 ,7 9 2 1 6 ,9 6 0 7 5 6 8 0 .5 1 9 .0 0 0 .1 2 n .d . n .d . n .d .
v a lu e O u t l e t 7 .5 4 3 ,4 4 0 2 6 12 6 3 0 1 1 .2 1 .0 4 n .d . n .d . n .d . 1 5 .8
M i n i m u m I n l e t 5 .9 9 7 6 0 11 6 2 0 .3 0 .0 0 0 .0 0 n .d . n .d . n .d .
v a lu e O u t l e t 7 .0 2 1 ,9 6 0 0 0 9 5 0 .9 0 .0 1 n .d . n .d . n .d . 1 .0
A r i t h m e t i c I n l e t 7 .0 0 2 ,2 0 4 9 7 2 9 9 7 2 3 8 1 6 .9 4 .6 1 0 .0 2 n .d . n .d . n .d .
M e a n O u t l e t 7 .3 9 2 ,4 0 3 5 3 1 5 3 3 .1 0 .0 7 n .d . n .d . n .d . 1 3 .9
R a n g e I n l e t 1 .8 6 2 1 ,0 2 5 3 2 ,7 9 2 1 6 ,9 4 9 6 9 4 8 0 .2 1 9 .0 0 0 .1 2 n .d . n .d . n .d .
O u t l e t 0 .5 2 1 ,4 8 0 2 6 1 2 5 3 5 1 0 .3 1 .0 3 n .d . n .d . n .d . 1 4 .8
S t a n d a r d I n l e t 0 .4 1 3 ,8 0 7 3 ,9 0 8 3 ,2 5 6 1 2 7 2 8 .6 7 .0 7 0 .0 2 n .d . n .d . n .d .
d e v ia t i o n O u t l e t 0 .1 4 5 5 6 4 3 .4 8 1 1 1 4 .5 3 0 .1 9 n .d . n .d . n .d . 1 .9 7
S k e w I n l e t - 0 .0 6 3 .1 6 5 .5 0 3 .5 7 1 .5 7 1 .6 8 1 .0 9 2 .9 0 n .d . n .d . n .d .
O u t l e t - 1 .7 4 1 .01 2 .6 5 0 .8 0 4 .3 2 2 .2 0 5 .2 7 n .d . n .d . n .d . - 4 .6 5
K u r t o s i s I n l e t - 0 .5 2 1 0 .6 5 3 4 .8 0 1 1 .7 8 4 .1 5 1 .1 2 - 0 .6 7 8 .5 7 n .d . n .d . n .d .
O u t l e t 3 .0 7 - 0 .9 2 1 1 .5 7 - 0 .4 6 1 9 .2 8 4 .8 8 2 8 .4 2 n .d . n .d . n .d . 2 9 .6 9
C o n f i d e n c e I n l e t 0 .0 7 6 0 3 .2 8 6 1 9 5 9 5 3 4 .9 7 1 4 .4 7 1 .9 8 0 .0 0 n .d . n .d . n .d .
9 5 % O u t le t 0 .0 6 1 3 8 .2 9 0 .9 7 0 .8 7 4 7 .6 4 3 .9 7 0 .0 7 n .d . n .d . n .d . 0 .4 9
N o t e :  M in im u m  v a lu e s  o f  z e r o  d e s c r ib e  v a lu e s  b e lo w  th e  d e te c t io n  l im it  o f  th e  in s tr u m e n ta t io n  u s e d
T a b le  H 4 : H a lb e a th  p o n d  - - Sum m ary j  o f  re su ll a n a y s is (e v e n t s a m p in g  2 0 0 1 )
H a l b e a t h  P o n d :  
S a m p l e s  o f  2 0 0 1  
e v e n t  s a m p l in g
N o t e :
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( n .d .= n o  d a t a )
S a m p l e  s iz e I n l e t 1 2 0 1 53 1 5 3 1 1 5 n o n e 15 4 9 1 0 8 n o n e n .d . 1 4 8 1 2 7
O u t le t 2 1 6 2 6 2 6 2 n o n e 5 3 0 n .d . n o n e n .d . 6 3 5 6
M a x i m u m I n l e t 1 0 0 1 0 0 1 0 0 1 0 0 n o n e 1 0 0 1 0 0 1 0 0 n o n e n .d . 1 0 0 9 3
v a lu e O u t l e t 1 0 0 0 1 0 0 1 0 0 n o n e 1 0 0 1 0 0 n .d . n o n e n .d . 1 0 0 7 2
M i n i m u m I n l e t 8 9 0 0 0 n o n e 0 0 6 3 n o n e n .d . 1 0 0 13
v a lu e O u t l e t 1 0 0 0 5 7 8 6 n o n e 0 9 2 n .d . n o n e n .d . 1 0 0 13
A r i t h m e t i c I n l e t 9 9 2 9 3 8 4 2 n o n e 6 0 5 8 9 7 n o n e n .d . 1 0 0 5 0
M e a n O u t le t 1 0 0 0 9 7 1 0 0 n o n e 7 9 9 9 n .d . n o n e n .d . 1 0 0 5 7
R a n g e I n l e t 11 1 0 0 1 0 0 1 0 0 n o n e 1 0 0 1 0 0 3 8 n o n e n .d . 0 8 0
O u t le t 0 0 4 3 14 n o n e 1 0 0 8 .3 3 n .d . n o n e n .d . 0 5 8
S t a n d a r d I n l e t 3 .6 9 3 4 .0 8 3 2 .3 3 2 6 .1 4 n o n e 3 9 .0 7 4 3 .1 3 8 .2 2 n o n e n .d . 0 1 7
d e v ia t i o n O u t le t 0 .0 0 0 .0 0 7 .2 4 2 .5 4 n o n e 4 4 .0 7 2 .8 8 n .d . n o n e n .d . 0 1 3 .3 6
S k e w I n l e t - 2 .3 0 0 .9 6 0 .6 5 - 0 .2 0 n o n e - 0 .9 3 - 0 .3 6 - 2 .9 0 n o n e n .d . n o n e 0 .2 0
O u t le t n o n e n o n e - 3 .4 4 - 5 .4 3 n o n e - 2 .2 1 - 2 .2 7 n .d . n o n e n .d . n o n e - 0 .8 1
K u r t o s i s I n l e t 3 .3 3 - 0 .4 4 - 0 .7 2 - 0 .5 8 n o n e - 0 .9 3 - 1 .7 0 8 .1 6 n o n e n .d . n o n e - 0 .4 2
O u t l e t n o n e n o n e 1 4 .9 0 2 8 .3 7 n o n e 4 .9 1 3 .3 9 n .d . n o n e n .d . n o n e 0 .3 7
C o n f i d e n c e I n l e t 0 .6 6 5 .4 0 5 .1 2 4 .7 8 n o n e 1 9 .7 7 1 2 .0 8 1 .5 5 n o n e n .d . n o n e 3 .0 3
9 5 % O u t le t n o n e n o n e 1 .8 0 0 .6 3 n o n e 3 8 .6 3 1 .0 3 n .d . n o n e n .d . n o n e 3 .5 0
N o t e :  T h e  m e a n  c o m b in e d  o v e r a ll  W Q I  is  th e  a r ith m e tic  m e a n  o f  a l l  c o m b in e d  s c o r e s  a n d  e a c h  c o m b in e d  s c o r e  w a s  a  p r o d u c t
o f  a ll  in s ta n ta n e o u s  s c o r e s  at th e  t im e  o f  m e a s u r e m e n t .
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T a b le  H 5 : H a lb e a t h p o n d - S u m m a r y  o f  re su ts  fro m  e v e n t  s a m p lin g  b o c k  2 0 0 2
H a l b e a t h  P o n d :  
S a m p l e s  o f  2 0 0 2  
e v e n t  s a m p l i n g
N o t e :
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( n .d .= n o  d a t a )
S a m p l e  s iz e I n l e t 1 2 9 1 2 9 1 2 9 1 2 9 n .d . n .d . 1 0 7 1 1 5 1 2 9 5 7 5 7
O u t le t 17 1 1 6 9 1 7 0 1 7 0 n .d . n .d . 8 4 81 1 71 1 2 6 1 2 6
M a x i m u m I n l e t 7 .8 5 8 1 ,1 0 0 5 6 8 6 1 0 n .d . n .d . 1 .0 8 0 .5 2 2 1 ,0 0 0 9 1 7 .8
v a lu e O u t l e t 7 .8 0 2 ,6 2 0 3 3 3 1 n .d . n .d . 0 .2 3 0 .3 1 5 9 7 8 6 6 .6
M i n i m u m I n l e t 5 .8 9 1 8 2 4 4 3 1 n .d . n .d . 0 .0 0 0 .0 0 2 6 6 6 5 .2
v a lu e O u t l e t 5 .7 1 1 ,1 5 5 0 4 n .d . n .d . 0 .0 0 0 .0 0 1 2 8 6 1 2 .6
A r i t h m e t i c I n l e t 6 .9 9 6 ,5 9 0 1 4 8 2 0 1 n .d . n .d . 0 .1 1 0 .0 5 2 ,4 3 1 8 4 5 .9
M e a n O u t le t 6 .8 5 1 ,5 4 7 7 1 4 n .d . n .d . 0 .0 4 0 .0 3 3 0 4 7 3 4 .8
R a n g e I n l e t 1 .9 6 8 0 ,9 1 8 5 2 4 5 7 9 n .d . n .d . 1 .0 8 0 .5 2 2 0 ,9 7 4 2 5 2 .6
O u t l e t 2 .0 9 1 ,4 6 5 3 3 2 7 n .d . n .d . 0 .2 3 0 .3 1 4 6 9 2 5 4 .0
S t a n d a r d I n l e t 0 .4 2 1 1 ,0 6 4 9 1 1 4 0 .6 n .d . n .d . 0 .1 8 0 .0 7 4 ,3 5 2 7 .0 8 0 .6 5
d e v ia t i o n O u t le t 0 .4 5 2 6 8 5 5 .6 8 n .d . n .d . 0 .0 5 0 .0 7 1 0 5 4 .6 6 0 .9 4
S k e w I n l e t - 0 .1 3 3 .4 6 1 .4 4 1 .1 2 n .d . n .d . 3 .2 1 3 .2 3 2 .6 0 - 1 .3 2 1 .1 4
O u t le t 0 .3 3 0 .7 4 1 .4 0 0 .5 2 n .d . n .d . 1 .9 4 2 .9 4 0 .3 0 - 0 .2 7 0 .0 5
K u r t o s i s I n l e t -0 .4 1 1 6 .8 6 2 .7 6 0 .4 5 n .d . n .d . 1 1 .3 1 1 4 .9 7 6 .7 7 1 .3 7 0 .4 5
O u t le t 0 .3 1 0 .4 3 3 .5 4 - 0 .1 9 n .d . n .d . 4 .0 0 7 .9 7 - 0 .5 3 - 0 .0 6 - 1 .0 4
C o n f i d e n c e I n l e t 0 .0 7 1 ,9 0 9 1 5 .6 7 2 4 .2 6 n .d . n .d . 0 .0 3 0 .0 1 7 5 1 1 .8 4 0 .1 7
9 5 % O u t le t 0 .0 7 4 0 0 .8 0 0 .8 5 n .d . n .d . 0 .0 1 0 .0 1 1 6 0 .8 1 0 .1 6
N o t e :  M in im u m  v a lu e s  o f  z e r o  d e s c r ib e  v a lu e s  b e lo w  t h e  d e t e c t io n  l im it  o f  t h e  in s tr u m e n ta t io n  u s e d
T a b le  H 6 : H a lb e a th  p o n d  -  S u m m a r y  o f r e s u lt  a n a ly s is  (e v e n t s a m p lin g  2 0 0 2 )
H a l b e a t h  P o n d :  
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( n .d .= n o  d a t a )
S a m p l e  s iz e I n l e t 1 2 9 1 2 9 1 2 9 1 2 9 n o n e n .d . 1 0 7 1 1 5 n o n e 5 7 1 2 9 1 2 9
O u t le t 1 71 1 6 9 1 7 0 1 7 0 n o n e n .d . 8 4 81 n o n e 1 2 6 1 2 6 1 7 0
M a x i m u m  . I n l e t 1 0 0 1 0 0 1 0 0 7 1 n o n e n .d . 1 0 0 1 0 0 n o n e 9 4 1 0 0 7 2
v a lu e O u t l e t 1 0 0 0 1 0 0
oo
n o n e n .d . 1 0 0 1 0 0 n o n e 7 8 1 0 0 8 0
M i n i m u m I n l e t 7 8 0 0 0 n o n e n .d . 2 5 6 2 n o n e 5 6 1 0 0 3 1
v a lu e O u t l e t 6 7 0 4 3 5 7 n o n e n .d . 7 5 13 n o n e 4 4 1 0 0 4 4
A r i t h m e t i c I n l e t 9 9 11 11 1 4 n o n e n .d . 9 2 9 8 n o n e 8 5 1 0 0 5 4
M e a n O u t le t 9 8 0 9 4 8 4 n o n e n .d . 9 8 9 2 n o n e 6 6 1 0 0 6 6
R a n g e I n l e t 2 2 1 0 0 1 0 0 7 1 n o n e n .d . 7 5 3 8 n o n e 3 9 0 4 1
O u t le t 3 3 0 5 7 4 3 n o n e n .d . 2 5 8 8 n o n e 3 3 0 3 6
S t a n d a r d I n l e t 3 .8 4 1 9 13 1 9 .1 1 n o n e n .d . 1 7 .9 9 6 .6 6 n o n e 1 1 .2 3 0 8 .9 1
d e v ia t i o n O u t le t 5 .1 5 0 1 0 1 3 .9 4 n o n e n .d . 5 .0 7 2 0 .9 0 n o n e 8 .1 4 0 7 .2 5
S k e w I n l e t - 2 .9 8 2 .0 6 2 .7 3 1 .1 5 n o n e n .d . -2 .5 1 - 3 .3 4 n o n e - 1 .5 9 n o n e - 0 .3 9
O u t l e t - 2 .7 0 n o n e - 2 .1 2 - 0 .4 3 n o n e n .d . - 3 .1 4 - 2 .7 3 n o n e - 0 .5 5 n o n e - 0 .3 4
K u r t o s i s I n l e t 8 .7 7 4 .5 8 1 5 .3 1 0 .2 7 n o n e n .d . 5 .2 1 1 2 .9 1 n o n e 2 .0 7 n o n e - 0 .3 7
O u t l e t 8 .8 8 n o n e 5 .4 0 - 0 .8 5 n o n e n .d . 1 0 .2 9 6 .6 1 n o n e - 0 .4 0 n o n e - 0 .1 6
C o n f i d e n c e I n l e t 0 .6 6 3 .3 2 2 .2 8 3 .3 0 n o n e n .d . 3 .4 1 1 .2 2 n o n e 2 .9 2 n o n e 1 .5 4
9 5 % O u t le t 0 .7 7 n o n e 1 .5 0 2 .1 0 n o n e n .d . 1 .0 8 4 .5 5 n o n e 1 .4 2 n o n e 1 .0 9
N o t e :  T h e  m e a n  c o m b in e d  o v e r a ll  W Q I  is  th e  a r ith m e tic  m e a n  o f  a ll
o f  a l l  in s ta n ta n e o u s  s c o r e s  at th e
c o m b in e d  s c o r e s  a n d  e a c h  c o m b in e d  s c o r e  w a s  a  p r o d u c t  
t im e  o f  m e a s u r e m e n t .
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Table H7: Halbeath pond -  Summary of manually collected samples
H a l b e a t h  P o n d :
A l l  m a n u a l ly  
C o l l e c t e d  s a m p l e s
n
C
o
n
d
u
ctiv
ity
(m
icro
 S
/cm
)
T
S
S
 (m
g/1)
T
u
rb
id
ity
(N
T
U
s)
B
O
D
5
 (m
g/1)
N
H
3
 (m
g/1)
T
O
N
 (m
g/1)
P
0
4
+
 (m
g/1)
C
h
lo
rid
e
(m
g/1)
S a m p l e  s iz e I n l e t 5 8 5 9 4 4 3 2 1 4 5 4 4 0 5 8 5 4
O u t le t 4 8 4 8 4 6 2 7 1 0 4 1 3 1 4 5 4 5
M a x i m u m  v a lu e I n l e t 9 .1 9 1 3 ,4 4 0 7 3 .5 1 2 4 3 8 0 .5 3 5 0 .8 7 5 2 9 0
O u t le t 9 .0 2 4 ,2 4 0 14 2 6 3 .5 3 0 .4 8 2 .7 6 0 .5 1 1 2 5 0
M i n i m u m  v a lu e I n l e t 6 .1 7 3 6 0 1 0 0 .9 0 0 .0 2 0 .1 9 0 1 2
O u t le t 6 .2 8 4 2 7 1 0 1 .0 0 0 .0 2 0 .0 0 0 2 0
A r i t h m e t i c  M e a n I n l e t 7 .7 6 2 ,4 4 9 19 16 9 .9 8 0 .1 6 1 .9 7 0 .0 8 5 0 2
O u t le t 7 .7 3 1 3 1 3 6 7 2 .1 7 0 .0 9 0 .4 5 0 .0 3 2 7 4
R a n g e I n l e t 3 .0 2 1 3 ,0 8 0 7 3 1 2 4 3 7 .1 0 0 .5 1 4 .8 1 0 .8 7 5 2 7 8
O u t le t 2 .7 4 3 ,8 1 3 13 2 6 2 .5 3 0 .4 6 2 .7 6 0 .5 1 1 2 3 0
S t a n d a r d  d e v ia t i o n  I n l e t 0 .5 2 2 ,1 9 0 1 9 .0 4 2 4 .9 4 1 2 .1 4 0 .1 4 1 .1 4 0 .1 4 8 4 3 .9 5
O u t le t 0 .4 5 7 3 4 3 .0 6 6 .4 5 0 .9 6 0 .1 1 0 .6 2 0 .0 8 2 5 8 .6 5
S k e w I n l e t - 0 .8 6 3 .5 3 1 .6 4 3 .0 4 1 .6 8 0 .9 9 0 .7 3 3 .9 3 4 .3 2
O u t le t - 0 .7 9 1 .4 1 0 .7 4 1 .4 5 0 .3 7 2 .1 4 2 .6 3 5 .1 3 1 .9 2
K u r t o s i s I n l e t 3 .1 1 1 5 .2 4 1 .8 6 1 1 .1 3 1 .7 2 0 .0 1 0 .8 2 1 7 .9 1 2 1 .5 6
O u t le t 3 .1 6 3 .8 6 0 .3 2 2 .6 8 - 1 .6 2 4 .3 6 7 .2 5 2 9 .1 2 4 .2 7
C o n f i d e n c e  9 5 % I n l e t 0 .1 3 5 5 8 .7 7 5 .6 3 8 .6 4 6 .3 6 0 .0 4 0 .3 5 0 .0 4 2 2 5 .1 0
O u t le t 0 .1 3 2 0 7 .5 8 0 .8 8 2 .4 3 0 .5 9 0 .0 3 0 .2 2 0 .0 2 7 5 .5 7
T a b le  H 8 : H a lb e a th  p o n d  -  S u m m a r y  o f r e s u lt  a n a ly s is  (m a n u a lly  c o lle c te d  s a m p
H a l b e a t h  P o n d :
A l l  m a n u a l ly  
C o l l e c t e d  s a m p l e s
P
H
(W
Q
I/1
0
0
)
C
o
n
d
u
ctiv
ity
(W
Q
I/1
0
0
)
T
S
S
(W
Q
I/1
0
0
)
T
u
rb
id
ity
(W
Q
I/1
0
0
)
B
O
D
5
(W
Q
I/1
0
0
)
l i
O
O
T
O
N
(W
Q
I/1
0
0
)
P
0
4
+
(W
Q
I/1
0
0
)
C
h
lo
rid
e
(W
Q
I/1
0
0
)
O
v
era
ll W
Q
I
(W
Q
I/1
0
0
)
S a m p l e  s iz e I n l e t 5 8 5 9 4 4 3 2 1 4 5 4 4 0 5 8 n o n e 5 9
O u t le t 4 8 4 8 4 6 2 7 1 0 4 1 3 1 4 5 n o n e 4 8
M a x i m u m  v a lu e I n l e t 1 0 0 5 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 n o n e 8 8
O u t le t 1 0 0 3 3 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 n o n e 8 6
M i n i m u m  v a lu e I n l e t 4 4 0 1 4 14 0 4 2 3 8 0 n o n e 2 5
O u t le t 5 6 0 8 6 5 7 6 7 5 8 6 3 0 n o n e 4 4
A r i t h m e t i c  M e a n I n l e t 9 4 3 7 5 8 9 4 9 8 4 7 6 9 5 n o n e 5 9
O u t le t 9 6 8 9 8 9 5 8 6 9 5 9 8 9 4 n o n e 7 3
R a n g e I n l e t 5 6 5 0 8 6 8 6 1 0 0 5 8 6 3 1 0 0 n o n e 6 3
O u t le t 4 4 3 3 14 4 3 3 3 4 2 3 8 1 0 0 n o n e 4 3
S t a n d a r d  d e v ia t i o n  I n l e t 9 .3 6 8 .0 8 2 8 .8 0 2 0 .8 4 3 7 .8 4 1 8 .8 7 1 6 .1 1 1 4 .4 6 n o n e 1 3 .6 8
O u t le t 7 .7 7 1 2 .4 0 4 .5 0 1 1 .9 8 1 1 .9 5 1 1 .7 5 7 .9 7 1 8 .1 9 n o n e 9 .7 2
S k e w I n l e t - 3 .0 8 4 .1 6 - 0 .8 7 - 2 .3 3 - 0 .1 4 - 0 .7 4 0 .0 1 - 5 .2 1 n o n e - 0 .2 2
O u t l e t - 3 .2 8 1 .1 3 - 2 .6 0 - 2 .5 5 - 0 .8 3 - 2 .2 2 - 3 .9 8 - 4 .1 2 n o n e - 1 .0 5
K u r t o s i s I n l e t 1 3 .8 2 2 0 .6 9 - 0 .5 8 5 .3 0 - 1 .7 6 - 0 .8 9 - 0 .2 2 3 2 .8 4 n o n e - 0 .4 5
O u t l e t 1 4 .9 5 - 0 .2 0 4 .9 7 6 .0 8 - 0 .7 5 3 .7 8 1 5 .5 0 1 8 .1 9 n o n e 1 .4 7
C o n f i d e n c e  9 5 % I n l e t 2 .4 1 2 .0 6 8 .5 1 7 .2 2 1 9 .8 2 5 .0 3 4 .9 9 3 .7 2 n o n e 3 .4 9
O u t le t 2 .2 0 3 .5 1 1 .3 0 4 .5 2 7 .4 0 3 .6 0 2 .8 1 5 .3 2 n o n e 2 .7 5
e s )
N o t e ;  T h e  m e a n  c o m b in e d  o v e r a ll  W Q I  is  th e  a r ith m e tic  m e a n  o f  a l l  c o m b in e d  s c o r e s  a n d  e a c h  c o m b in e d  s c o r e  w a s  a  p r o d u c t
o f  a ll  in s ta n ta n e o u s  s c o r e s  at th e  t im e  o f  m e a s u r e m e n t .
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W ater Q uality  at L inburn  Pond -  Su m m aries
T a b le  H 9 : L in b u rn  p o n d  -  S u m m a r y  o f  r e s u lt s  fro m  c o n t in u o u s  m o n ito rin g
L in b u r n  P o n d  O u tle t:
A l l  s a m p le s  fr o m  
C o n t in u o u s  m o n ito r in g  
W it h  W Q  s o n d e s
T3
a
C
o
n
d
u
ctiv
ity
(m
icro S
/cm
)
T
u
rb
id
ity
(N
T
U
s)
D
O
 (%
sat)
T
em
p
era
tu
re
(d
eg
 C
)
S a m p le  s iz e 1 2 ,2 0 7 8 ,8 7 2 8 ,1 0 5 5 ,7 0 6 6 7 ,6 8 0
M a x im u m  v a lu e 9 .5 0 1 ,2 6 6 2 6 7 9 9 1 8 .6
M in im u m  v a lu e 6 .8 1 2 0 0 0 3 9 0 .9
A r it h m e t ic  M e a n 7 .8 9 8 2 9 14 6 7 9 .8
R a n g e 2 .6 9 1 ,0 6 6 2 6 7 6 0 17 .7
S ta n d a r d  d e v ia t io n 0 .6 2 2 3 8 3 1 .9 0 1 0 .9 5 5 .0 1
S k e w 0 .6 1 0 .6 4 4 .2 9 0 .3 3 0 .0 0
K u r to s is -0 .5 4 -1 .1 7 2 0 .0 1 0 .1 8 -1 .4 7
C o n f id e n c e  9 5 % 0 .0 1 4 .9 5 0 .6 9 0 .2 8 0 .0 4
T a b le  H 1 0 :  L in b u r n  p o n d  -  S u m m a r y  o f e v e n t  s a m p
L in b u r n  P o n d :  
S a m p le s  o f  2 0 0 2  
e v e n t  s a m p lin g
N o te :
(n .d .= n o  d a ta )
S3
C
o
n
d
u
ctiv
ity
(m
icro S
/cm
)
T
S
S
 (m
g/1)
T
u
rb
id
ity
(N
T
U
s)
C
O
D
 (m
g/1)
B
O
D
5
 (m
g/1)
N
IB
 (m
g/1)
P
0
4
+
 (m
g/1)
C
h
lo
rid
e
(m
g/1)
D
O
 (%
sat)
T
em
p
era
tu
re
(d
eg
 C
)
S a m p le  s iz e  In  E a s t 101 101 101 101 n .d . n .d . 9 4 101 101 n .d . n .d .
In NE 122 122 122 122 n.d. n.d. 66 7 7 121 n.d. n.d.
In  N 1 A 1 4 6 1 4 6 146 1 4 6 n .d . n .d. 87 1 07 1 4 6 n .d . n .d .
In NIB 121 121 120 121 n.d. n.d. 72 72 107 n.d. n.d.
O u t le t 1 8 9 1 8 9 189 1 8 9 n .d . n .d. 1 63 1 67 1 8 9 n .d . n .d .
M a x im u m  v a lu e  I n  E a s t 8 .4 3 9 0 5 116 1 98 n .d . n .d. 0 .4 4 0 .2 9 2 8 7 n .d . n .d .
In NE 8.28 7,850 11,920 12,408 n.d. n.d. 1.09 0.16 2,000 n.d. n.d.
I n  N 1 A 9 .8 6 1 6 ,9 0 0 1 5 ,3 9 0 1 4 ,7 5 0 n .d . n .d. 3 .6 8 0 .4 4 7 ,4 7 0 n .d . n .d .
In NIB 8.34 935 5,728 4,440 n.d. n.d. 0.67 0.45 32 n.d. n.d.
O u t le t 8 .8 8 1,061 6 5 4 6 n .d . n .d . 0 .6 9 0 .8 6 2 6 5 n .d . n .d .
M in im u m  v a lu e  I n  E a s t 7 .5 6 4 5 6 0 0 n .d . n .d. 0 .0 2 0 .0 2 10 n .d . n .d .
In N E 7.04 410 13 18 n.d. n.d. 0.03 0.00 49 n.d. n.d.
I n  N 1 A 6 .7 6 7 0 18 5 2 n .d . n .d . 0 .0 1 0 .0 1 7 n .d . n .d .
In NIB 7.05 36 7 14 n.d. n.d. 0.02 0.00 0 n.d. n.d.
O u t le t 6 .1 8 7 6 3 0 0 n .d . n .d . 0 .0 3 0 .0 0 0 n .d . n .d .
A r it h m e t ic  M e a n  I n  E a s t 8 .0 3 6 1 0 13 19 n .d . n .d . 0 .1 0 0 .0 6 3 6 n .d . n .d .
In N E 7.70 1,514 459 474 n.d. n.d. 0.16 0.05 224 n.d. n.d.
I n  N 1 A 7 .6 1 2 ,5 2 8 6 9 4 9 2 6 n .d . n .d . 0 .3 6 0 .1 2 9 5 0 n .d . n .d .
In NIB 7.59 193 285 330 n.d. n.d. 0.11 0.03 7 n.d. n.d.
O u t le t 7 .9 0 902 12 19 n .d . n .d . 0 .1 6 0 .0 8 9 8 n .d . n .d .
R a n g e  I n  E a s t 0 .8 7 449 116 198 n .d . n .d . 0 .4 1 0 .2 7 2 7 7 n .d . n .d .
In N E 1.24 7,440 1,1907 12,390 n.d. n.d. 1.06 0.16 1,952 n.d. n.d.
I n  N 1 A 3 .1 0 1 6 ,8 3 0 1 5 ,3 7 2 1 4 ,6 9 8 n .d . n .d . 3 .6 6 0 .4 3 7 ,4 6 3 n .d . n .d .
In NIB 1.29 899 5,721 4,426 n.d. n.d. 0.65 0.45 32 n.d. n.d.
O u tle t 2 .7 0 2 9 8 6 5 4 6 n .d . n .d. 0 .6 6 0 .8 6 265 n.d . n .d .
S ta n d a r d  I n  E a s t 0 .2 2 101 2 3 4 0 n .d . n .d. 0 .1 0 0 .0 4 34 n.d . n .d .
d e v ia t io n  In NE 0.28 1,077 1,739 1,738 n.d. n.d. 0.19 0.04 308 n.d. n.d.
I n  N 1 A 0 .5 6 4 ,7 0 8 2 ,0 0 4 1 ,9 9 5 n .d . n .d. 0 .6 0 0 .0 8 2 ,0 1 6 n .d . n .d .
In NIB 0.24 177 704 734 n.d. n.d. 0.14 0.05 9 n.d. n.d.
O u tle t 0 .5 8 6 4 12 11 n .d . n .d. 0 .1 1 0 .1 0 4 3 n .d . n .d .
S k e w  I n  E a s t 0 .1 4 1 .3 0 3 .0 2 3 .7 2 n .d . n .d. 1 .93 3 .7 7 4 .5 2 n .d . n .d .
In N E -0.32 4.23 5.37 5.80 n.d. n.d. 2.95 1.13 4.11 n.d. n.d.
I n  N 1 A 1 .5 8 2 .2 7 5 .5 2 4 .7 5 n .d . n .d. 3 .2 8 1 .1 2 2 .3 4 n .d . n .d .
In NIB 0.47 1.84 5.03 3.70 n.d. n.d. 2.69 7.20 1.32 n.d. n.d.
O u t le t -0 .5 5 -0 .1 1 2 .8 9 0 .5 4 n .d . n .d. 1.41 4 .0 0 0 .6 6 n .d . n .d .
K u r to s is  I n  E a s t -0 .7 7 1.11 9 .2 2 1 2 .9 5 n .d . n .d. 3 .3 0 1 8 .2 6 2 9 .6 6 n .d . n .d .
In N E -0.40 20.80 31.19 36.40 n.d. n.d. 10.13 0.72 19.17 n.d. n.d.
I n  N 1 A 3 .4 1 3 .5 6 3 4 .0 6 2 4 .9 7 n .d . n .d. 1 2 .6 8 2 .0 0 3 .9 4 n .d . n .d .
In NIB 1.10 3.57 31.72 15.01 n.d. n.d. 7.41 57.25 0.76 n.d. n.d.
O u tle t 0 .0 9 -0 .7 3 8 .8 8 -0 .6 7 n .d . n .d. 3 .7 6 2 6 .6 6 2 .5 6 n .d . n .d .
C o n f id e n c e  9 5 %  I n  E a s t 0 .0 4 1 9 .7 7 4 .4 3 7 .7 4 n .d . n .d. 0 .0 2 0 .0 1 6 .6 2 n .d . n .d .
In N E 0.05 191.06 308.61 308.33 n.d. n.d. 0.05 0.01 54.88 n.d. n.d.
I n  N 1 A 0 .0 9 7 6 3 .6 5 3 2 4 .9 9 3 2 3 .5 7 n .d . n .d. 0 .1 3 0 .01 3 2 7 .0 8 n .d . n .d .
In NIB 0.04 31.61 126.13 130.79 n.d. n.d. 0.03 0.01 1.68 n.d. n.d.
O u t le t 0 .0 8 9 .1 2 1 .7 2 1 .5 7 n .d . n .d. 0 .0 2 0 .0 1 6 .0 7 n .d . n .d .
e s
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Table H11: Linburn pond- Summary of resu ts analysis (continuous monitoring)
L in b u r n  P o n d  O u t le t :
A l l  s a m p le s  fr o m  
C o n t in u o u s  m o n ito r in g  
W ith  W Q  s o n d e s
p
H
(W
Q
I/100)
C
o
n
d
u
ctiv
ity
(W
Q
I/100)
T
u
rb
id
ity
(W
Q
I/100)
D
O
(W
Q
I/100)
T
em
p
era
tu
re
(W
Q
I/100)
O
v
era
ll W
Q
I
(W
Q
I/100)
S a m p le  s iz e 1 2 ,2 0 7 8 ,8 7 2 8 ,1 0 5 5 ,7 0 6 6 7 ,6 8 0 4 ,7 8 7
M a x im u m  v a lu e 1 0 0 83 1 0 0 1 0 0 1 0 0 6 5
M in im u m  v a lu e 3 3 0 0 17 8 0 2 4
A r it h m e t ic  M e a n 9 0 11 9 3 5 7 9 9 4 2
R a n g e 6 7 83 1 0 0 83 2 0 41
S ta n d a r d  d e v ia t io n 1 5 .2 7 8 .7 6 1 8 .7 4 1 7 .7 2 3 .7 0 9 .2 8
S k e w -1 .5 8 0 .8 8 -3 .1 6 0 .4 6 -5 .0 2 0 .2 2
K u r to s is 1 .3 0 9 .5 5 9 .8 4 -0 .2 2 2 3 .2 4 - 0 .7 0
C o n f id e n c e  9 5 % 0 .2 7 0 .1 8 0 .4 1 0 .4 6 0 .0 3 0 .2 6
N o te :  T h e  m e a n  c o m b in e d  o v e r a ll W Q I  is  th e  ar ith m etic  m e a n  o f  a ll  c o m b in e d  s c o r e s  a n d  e a c h  c o m b in e d  sc o r e  w a s  a  p ro d u c t o f  a ll
in sta n ta n eo u s s c o r e s  a t th e  t im e  o f  m easu rem en t.
T a b le  H 1 2 :  L in b u r n  p o n d  -  S u m m a r y  o f  r e s u lt  a n a ly s is  (e v e n t s a m p lin g )
L in b u r n  P o n d :  
S a m p le s  o f  2 0 0 2  
e v e n t  s a m p l in g
N o te :
P
H
(W
Q
I/100)
C
o
n
d
u
ctiv
ity
(W
Q
I/100)
T
S
S
(W
Q
I/100)
T
u
rb
id
ity
(W
Q
I/100)
C
O
D
(W
Q
I/100)
B
O
D
5
(W
Q
I/100)
N
IB
(W
Q
I/100)
P
0
4
+
(W
Q
I/100)
C
h
lo
rid
e
(W
Q
I/100)
D
O
(W
Q
I/100)
T
em
p
era
tu
re
(W
Q
I/100)
O
v
era
ll W
Q
I
(W
Q
I/100)
( n .d .= n o  d a ta )
S a m p le  s iz e  I n  E a s t 101 101 101 n o n e n o n e n .d . 9 4 101 n o n e n .d. 101 101
In NE 122 122 122 none none n.d. 66 7 7 none n.d. 122 122
I n  N 1 A 1 46 146 1 4 6 n o n e n o n e n .d . 87 1 07 n o n e n .d. 1 4 6 1 46
In N IB 121 121 120 none none n.d. 72 72 none n.d. 134 134
O u t le t 189 1 89 1 8 9 1 8 9 n o n e n .d . 1 63 1 67 n o n e n .d. 1 9 9 189
M a x im u m  v a lu e  I n  E a s t 1 00 3 3 1 0 0 n o n e n o n e n .d . 1 0 0 1 00 n o n e n .d. 1 0 0 80
In N E 100 83 86 none none n.d. 100 100 none n.d. 100 69
I n  N 1 A 1 00 1 00 71 n o n e n o n e n .d . 1 0 0 1 00 n o n e n .d. 1 0 0 6 9
In N IB 100 100 100 none none n.d. 100 100 none n.d. 100 96
O u t le t 100 17 1 0 0 1 0 0 n o n e n .d . 1 0 0 1 00 n o n e n .d. 1 0 0 7 2
M in im u m  v a lu e  I n  E a s t 89 0 14 n o n e n o n e n .d . 5 0 13 n o n e n .d . 1 0 0 4 4
In N E 0 0 0 none none n.d. 33 50 none n.d. 100 26
I n  N 1 A 0 0 0 n o n e n o n e n .d . 8 0 n o n e n .d . 1 0 0 15
In N IB 89 0 0 none none n.d. 33 0 none n.d. 100 46
O u t le t 67 0 5 7 5 7 n o n e n .d . 3 3 0 n o n e n .d . 1 0 0 31
A r it h m e t ic  M e a n  I n  E a s t 93 21 8 8 n o n e n o n e n .d. 9 3 8 2 n o n e n .d . 1 0 0 6 7
In N E 97 3 36 none none n.d. 86 85 none n.d. 100 53
I n  N 1 A 9 4 2 8 12 n o n e n o n e n .d . 7 7 61 n o n e n .d . 1 0 0 4 5
In N IB 99 83 28 none none n.d. 92 94 none n.d. 100 71
O u t le t 92 3 9 0 8 8 n o n e n .d . 8 4 7 7 n o n e n .d . 1 00 5 9
R a n g e  I n  E a s t 11 3 3 8 6 n o n e n o n e n .d . 5 0 88 n o n e n .d . 0 3 6
In N E 100 83 86 none none n.d. 67 50 none n.d. 0 43
I n  N 1 A 100 1 00 71 n o n e n o n e n .d . 92 1 0 0 n o n e n .d . 0 5 4
In NIB 11 100 100 none none n.d. 67 100 none n.d. 0 50
O u t le t 33 17 4 3 4 3 n o n e n .d . 6 7 1 0 0 n o n e n .d . 0 41
S ta n d a r d  I n  E a s t 5 .4 4 9 .7 6 2 4 .3 6 n o n e n o n e n .d . 1 2 .4 0 1 1 .5 0 n o n e n .d . 0 9 .3 6
d e v ia t io n  In NE 9.97 11.33 21.36 none none n.d. 19.76 13.91 none n.d. 0 8.38
I n  N 1 A 11.23 3 2 .6 8 1 7 .7 8 n o n e n o n e n .d . 2 7 .0 8 2 3 .1 9 n o n e n .d. 0 1 3 .5 6
In NIB 2.77 26.17 23.34 none none n.d. 15.79 13.43 none n.d. 0 10.51
O u t le t 9 .8 2 6 .5 6 1 2 .1 6 1 5 .0 0 n o n e n .d . 1 5 .1 2 2 4 .0 3 n o n e n .d . 0 8 .6 4
S k e w  I n  E a s t 0 .4 7 -0 .0 9 -1 .9 5 n o n e n o n e n .d . - 2 .1 4 -2 .8 1 n o n e n .d . n o n e - 0 .6 6
In N E -7.76 4.22 -0.21 none none n.d. -1.50 -1.07 none n.d. none -0.58
I n  N 1 A -3 .7 1 0 .9 8 1 .4 6 n o n e n o n e n .d . - 1 .0 6 -0 .3 6 n o n e n .d . n o n e -0 .3 1
In NIB -3.54 -1.46 0.67 none none n.d. -2.54 -5.01 none n.d. none 0.20
O u t le t -1 .1 4 1 .5 9 -0.95 - 0 .9 0 n o n e n .d . -0 .8 3 -1 .3 3 n o n e n .d . n o n e - 0 .7 7
K u r to s is  I n  E a s t -1 .8 1 -0 .4 0 2 .6 2 n o n e n o n e n .d . 4 .0 0 1 3 .2 7 n o n e n .d . n o n e -0 .2 1
In N E 74.02 21.91 -0.69 none none n.d. 1.22 0.69 none n.d. none 0.71
I n  N 1 A 1 4 .4 6 -0 .1 5 1 .0 6 n o n e n o n e n .d . -0 .1 4 -0 .5 5 n o n e n .d. n o n e -0 .4 3
In NIB 10.68 0.86 0.52 none none n.d. 6.22 33.24 none n.d. none -0.33
O u t le t 0 .3 7 0 .5 3 -0 .1 1 -0 .5 1 n o n e n .d. 0 .1 9 1 .0 2 n o n e n .d. n o n e 0 .3 0
C o n f id e n c e  9 5 %  I n  E a s t 1 .06 1 .9 0 4 .7 5 n o n e n o n e n .d. 2 .5 1 2 .2 4 n o n e n .d . n o n e 1.83
In N E 1.77 2.01 3.79 none none n.d. 4.77 3.11 none n.d. none 1.49
I n  N 1 A 2 .7 9 5 .3 0 2 .8 8 n o n e n o n e n .d. 5 .6 9 4 .3 9 n o n e n .d . n o n e 2 .2 0
In NIB 0.49 4.66 4.18 none none n.d. 3.65 3.10 none n.d. none 1.78
O u t le t 1 .40 0 .9 4 1 .7 3 2 .1 4 n o n e n .d. 2 .3 2 3 .6 4 n o n e n .d . n o n e 1 .23
N o te : T h e  m ea n  co m b in e d  o v e r a ll W Q I is  th e  arithm etic  m ea n  o f  a ll co m b in e d  s c o r e s  an d  e a c h  c o m b in e d  sc o r e  w a s  a  p ro d u c t o f  a ll
in sta n ta n eo u s s c o r e s  at th e  t im e  o f  m easu rem en t.
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Table H13: Linburn pond -  Summary of manually collectec
L in b u r n  P o n d :
A l l  m a n u a l ly  
c o l l e c t e d  s a m p l e s
C
o
n
d
u
ctiv
ity
(m
icro
 S
/cm
)
T
S
S
 (m
g/1)
T
u
rb
id
ity
(N
T
U
s)
B
O
D
5
 (m
g/1)
N
IB
 (m
g/1)
T
O
N
 (m
g/1)
P
0
4
+
 (m
g/1)
C
h
lo
rid
e (m
g/1)
S a m p l e  s iz e  I n  E a s t 5 7 5 8 4 0 3 1 1 6 51 3 9 5 7 5 4
In N E 44 44 26 20 11 38 31 43 42
I n  N 1 4 4 4 5 3 3 21 1 9 3 8 3 5 4 3 4 1
In N 2 26 26 15 5 14 24 25 25 24
O u t le t 5 8 5 9 5 6 3 3 2 3 5 2 4 0 5 8 5 5
M a x i m u m  v a l u e  I n  E a s t 8 .3 7 1 ,6 9 0 2 1 1 2 1 6 5 .6 1 .1 3 .9 0 .7 6 1 7 4
In N E 9.12 2,020 122 139 4.8 0.6 2.7 0.39 345
I n  N 1 8 .9 9 1 ,2 9 9 5 1 3 8 5 0 2 3 0 3 4 .5 6 .5 1 6 .6 1 8 6
In N 2 9.20 8,360 129 158 17 17.5 9.2 11.0 2,750
O u t le t 8 .8 5 1 ,3 0 5 5 4 9 3 12 6 .0 2 .6 1 .5 2 3 7 8
M i n i m u m  v a l u e  I n  E a s t 6 .3 2 4 4 8 0 0 0 .9 0 0 0 .0 1 0
In N E 6.41 510 0.5 0 0.7 0 0 0.01 3
I n  N 1 6 .5 7 191 0 0 0 .9 0 0 0 .0 1 2
In N 2 6.82 210 1 4 0.9 0 0.2 0.01 15
O u t le t 6 .5 6 4 4 2 1 0 0 .7 0 0 0 .0 1 18
A r i t h m e t i c  M e a n  I n  E a s t 7 .4 9 7 0 9 2 6 3 5 2 .4 0 .1 1 .6 0 .1 2 3 7
In N E 7.66 1,199 23 15 2.5 0.1 1.1 0.06 123
I n  N 1 7 .7 0 7 3 6 6 8 1 3 5 6 8 .5 7 .8 1.1 2 .4 4 4 5
In N 2 7.85 1,092 29 38 5.0 0.9 1.0 0.51 243
O u t le t 7 .7 4 8 6 7 14 22 3 .6 0 .5 1 .0 0 .2 1 1 1 2
R a n g e  I n  E a s t 2 .0 5 1 ,2 4 2 2 1 1 2 1 6 4 .7 1.1 3 .9 0 .7 5 8
In N E 2.71 1,510 122 139 4.1 0.6 2.7 0.38 5
I n  m 2 .4 2 1 ,1 0 8 5 1 3 8 5 0 2 2 9 .1 3 4 .5 6 .5 1 6 .5 9 1 8 4
In N 2 2.38 8,150 128 154 16.1 17.5 9.0 10.99 2 , 7 3 6
O u t le t 2.29 8 6 3 5 3 9 3 1 1 .3 5 .9 2 .6 1 .5 1 3 6 0
S t a n d a r d  d e v ia t i o n  I n  E a s t 0 .3 4 2 2 0 4 4 .6 0 5 7 .4 4 1 .2 3 0 .1 7 0 .9 4 0 .1 3 2 9 .5 6
In N E 0.47 335 36.41 31.89 1.17 0.13 0.65 0.08 9 2 .7 0
I n  N 1 0 .4 0 2 3 0 1 1 5 .3 8 2 0 4 .2 4 8 4 .1 6 1 2 .6 0 1 .4 1 4 .1 7 3 0 .6 6
In  N 2 0.50 1,535 34.32 67.38 4.35 3 .5 5 1.77 2.19 559.86
O u t le t 0 .4 6 2 1 5 1 3 .4 5 2 5 .3 2 3 .3 0 1 .0 3 0 .5 5 0 .2 7 8 4 .4 1
S k e w  I n  E a s t - 1 .1 0 2 .4 4 2 .6 0 2 .1 0 0 .9 0 5 .0 6 0 .6 2 3 .1 1 3 .3 3
In N E -0.23 -0.12 1.99 3.48 0.13 2.49 0.70 2 .9 2 0.91
I n  N 1 - 0 .3 0 - 0 .1 5 3 .1 5 2 .6 9 0.75 1 .1 9 2.36 1 .8 1 2 .4 9
In  N 2 1.00 4.57 1.98 2.19 1.70 4.89 4.40 4.99 4.24
O u t le t - 0 .1 7 0 .1 5 1 .4 0 1 .8 9 1 .3 9 4 .1 2 0 .5 3 2 .5 9 0 .9 6
K u r t o s i s  I n  E a s t 3 .2 2 8 .4 6 7 .4 2 3 .6 1 1 .8 3 3 0 .4 7 0 .0 5 1 2 .2 5 1 2 .9 0
In N E 2.83 -0.12 2.85 13.09 0.38 6 .5 3 -0.11 9.03 -0.02
I n  N 1 3 .7 0 0 .5 5 1 0 .1 5 7 .7 9 - 1 .1 4 - 0 .3 8 6 .2 5 2.77 1 0 .3 7
In  N2 1.84 22.17 4.38 4.81 3.68 23.94 20.57 24.94 19.31
O u t le t 1 .2 0 -0.70 1 .1 3 2 .6 6 0 .9 5 1 8 .4 3 0 .9 5 9 .1 3 0 .4 6
C o n f i d e n c e  9 5 %  I n  E a s t 0 .0 9 5 6 .5 6 1 3 .8 2 2 0 .2 2 0 .6 0 0 .0 5 0 .2 9 0 .0 3 7 .8 8
In N E 0.14 99.04 14.00 13.98 0.69 0.04 0.23 0.02 27.85
I n  N 1 0 .1 2 6 7 .3 0 3 9 .3 7 8 7 .3 5 3 7 .8 4 4 .0 1 0 .4 7 1 .2 5 9 .3 8
In N 2 0.19 590.11 17.37 59.06 2.28 1.42 0.70 0.86 2 2 3 .9 9
O u t le t 0 .1 2 5 4 .7 5 3 .5 2 7 .6 6 1 .3 5 0 .2 8 0 .1 7 0.07 2 2 .3 1
samples
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Table H14: Linburn pond -  Summary of result analysis (manually collected samples)
L in b u r n  P o n d :
A l l  m a n u a l ly  
c o l l e c t e d  s a m p l e s
P
H
(W
Q
I/1
0
0
)
C
o
n
d
u
ctiv
ity
(W
Q
I/1
0
0
)
T
S
S
(W
Q
I/1
0
0
)
T
u
rb
id
ity
(W
Q
I/1
0
0
)
B
O
D
5
(W
Q
I/1
0
0
)
N
H
3
(W
Q
I/1
0
0
)
T
O
N
(W
Q
I/1
0
0
)
P
0
4
+
(W
Q
I/1
0
0
)
C
h
lo
rid
e
(W
Q
I/1
0
0
)
O
v
era
ll W
Q
I
(W
Q
I/1
0
0
)
S a m p l e  s iz e I n  E a s t 5 7 5 8 4 0 n o n e 1 6 5 1 3 9 5 7 n o n e 5 8
In N E 44 44 26 none 11 38 31 43 none 44
I n  N 1 4 4 4 5 3 3 n o n e 1 9 3 8 3 5 4 3 n o n e 4 8
In N 2 26 26 15 none 14 24 25 25 none 26
O u t le t 5 8 5 9 5 6 3 3 2 3 5 2 4 0 5 8 n o n e 5 9
M a x i m u m  v a l u e I n  E a s t 1 0 0 3 3 1 0 0 n o n e 1 0 0 1 0 0 1 0 0 1 0 0 n o n e 81
I n N E 100 33 100 none 100 100 100 100 none 95
I n  N 1 1 0 0 83 1 0 0 n o n e 1 0 0 1 0 0 1 0 0 1 0 0 n o n e 1 0 0
In N 2 100 83 100 none 100 100 100 100 none 80
O u t le t 1 0 0 3 3 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 n o n e 8 2
M i n i m u m  v a lu e I n  E a s t 8 9 0 0 n o n e 4 0 5 8 5 0 0 n o n e 2 6
I n N E 56 0 0 none 53 33 63 0 none 40
I n  N 1 5 6 0 0 n o n e 0 0 2 5 0 n o n e 2
In N 2 44 0 0 none 0 0 13 0 none 14
O u t le t 6 7 0 29 2 9 7 8 6 3 0 n o n e 2 2
A r i t h m e t i c  M e a n I n  E a s t 1 0 0 4 7 7 n o n e 8 4 9 5 8 1 6 6 n o n e 6 3
In N E 96 4 79 none 5 3 93 85 84 none 66
I n  m 9 7 17 5 6 n o n e 4 5 5 9 8 8 5 4 n o n e 4 9
In N 2 94 17 67 none 60 86 89 76 none 60
O u t le t 9 6 8 81 8 6 7 1 7 3 8 8 5 5 n o n e 5 4
R a n g e I n  E a s t 11 3 3 1 0 0 n o n e 6 0 4 2 5 0 1 0 0 n o n e 5 5
In N E 44 33 100 none 47 67 38 100 none 56
I n  N 1 4 4 83 1 0 0 n o n e 1 0 0 1 0 0 7 5 1 0 0 n o n e 9 8
In N 2 56 83 100 none 100 100 88 100 none 66
R a n g e O u t le t 3 3 3 3 7 1 7 1 9 3 9 2 3 8 1 0 0 n o n e 6 0
S t a n d a r d  d e v ia t i o n  I n  E a s t 1 .4 7 7 .9 1 3 5 .8 3 n o n e 1 5 .0 0 1 0 .4 3 1 1 .7 7 2 7 .3 4 n o n e 1 2 .5 6
In N E 8.22 7.93 35.51 none 13.45 15.71 9.91 23.99 none 9.84
I n  N 1 7 .6 2 1 7 .7 7 4 0 .9 3 n o n e 4 4 .0 0 4 1 .7 8 1 7 .6 8 4 1 .0 9 n o n e 2 6 .4 1
In N 2 14.12 18.55 33.58 none 33.99 23.63 17.80 28.98 none 18.06
O u t le t 7 .3 3 9 .9 6 2 4 .5 3 2 2 .4 4 3 1 .7 6 2 7 .6 3 7 .7 5 3 7 .3 9 n o n e 1 6 .7 9
S k e w I n  E a s t - 7 .5 5 0 .1 5 - 1 .2 1 n o n e - 1 .5 8 - 2 .1 8 - 0 .4 8 - 1 .0 1 n o n e - 0 .5 2
In N E -3.37 2.00 -1.47 none -0.77 -2.43 -0.06 -1.96 none -0.13
I n  N 1 - 4 .1 6 1 .8 8 - 0 .1 1 n o n e 0 .2 0 - 0 .4 8 - 1 .9 9 - 0 .3 5 n o n e - 0 .1 2
In N 2 -2.67 1.81 -0.60 none -0.34 -2.43 -3.52 -1.10 none -0.97
O u t le t - 2 .1 9 0 .8 5 - 0 .9 1 - 1 .8 0 - 1 .0 9 - 0 .8 1 - 0 .6 9 - 0 .2 7 n o n e - 0 .3 5
K u r t o s i s I n  E a s t 5 7 .0 0 1 .3 5 - 0 .1 6 n o n e 4 .0 3 3 .8 3 0 .0 4 0 .1 2 n o n e - 0 .1 4
In N E 14.07 3.48 0.56 none 1.29 5.65 -0.53 3.86 none 1.45
I n  N 1 2 0 .9 1 4 .5 7 - 1 .8 9 n o n e - 1 .9 0 - 1 .4 6 4 .0 5 - 1 .6 5 n o n e - 1 .1 2
In N 2 6.88 5.29 -0.93 none -1.48 6.90 14.99 0.25 none 0.24
O u t le t 4 .7 8 -0 .2 2 - 0 .6 1 2 .2 4 - 0 .2 5 - 0 .4 7 2 .3 4 - 1 .5 1 n o n e - 0 .8 7
C o n f i d e n c e  9 5 % I n  E a s t 0 .3 8 2 .0 4 1 1 .1 0 n o n e 7 .3 5 2 .8 6 3 .6 9 7 .1 0 n o n e 3 .2 3
In N E 2.43 2.34 13.65 none 7.95 5.00 3.49 7.17 none 2.91
I n  N 1 2 .2 5 5 .1 9 1 3 .9 7 n o n e 1 9 .7 8 1 3 .2 8 5 .8 6 1 2 .2 8 n o n e 7 .4 7
In N 2 5.43 7.13 16.99 none 17.81 9.45 6.98 11.36 none 6.94
O u t le t 1 .8 9 2 .5 4 6 .4 3 0 .5 4 1 2 .9 8 7 .5 1 2 .4 0 9 .6 2 n o n e 4 .2 8
N o te : T h e  m ea n  c o m b in e d  o v e r a ll W Q I is  th e  arithm etic  m e a n  o f  a ll co m b in e d  s c o r e s  a n d  e a c h  c o m b in e d  sc o r e  w a s  a  p ro d u c t o f  a ll
in stan tan eou s s c o r e s  a t th e  t im e  o f  m easu rem en t.
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W ater Q uality at Pond 7 -  S u m m aries
T a b le  H 1 5 :  P o n d  7 - S u m m a r y o f m a n u a ly c o lle c te d s a m p e s
P o n d  7:
A ll  m a n u a l ly  
C o lle c te d  s a m p le s
•o
H
C
o
n
d
u
ctiv
ity
(m
icro S
/cm
)
T
S
S
 (m
g/1)
T
u
rb
id
ity
(N
T
U
s)
B
O
D
5
 (m
g/1)
N
H
3
 (m
g/1)
T
O
N
 (m
g/1)
P
0
4
+
 (m
g/1)
C
h
lo
rid
e
(m
g/1)
S a m p le  s iz e I n  S W 58 5 9 4 3 3 4 14 5 2 4 0 5 8 5 4
I n N 4 9 4 9 3 4 2 8 6 4 4 3 0 4 8 4 6
O u t le t 3 0 3 0 2 8 16 5 2 6 2 2 2 9 2 7
M a x im u m  v a lu e I n  S W 8 .7 2 2 ,1 8 0 6 8 0 1 ,3 4 0 21 0 .7 0 6 1.71 4 8 4
I n N 1 2 .2 2 3 ,8 4 0 4 0 9 1 35 2 .2 0 .3 7 2 .8 0 .1 7 1 4 4
O u t le t 8 .9 0 2 ,0 6 0 61 1 1 6 3 .2 0 .2 6 2 .7 0 .2 4 4 6 4
M in im u m  v a lu e I n  S W 5 .9 8 1 6 0 0 0 1 0 .0 1 0 0 1 8 .4
I n N 6 .1 8 7 5 .7 1 0 1 .0 5 0 .0 0 0 0 0
O u t le t 6 .3 9 61 1 0 1 0 .0 0 0 0 3
A r it h m e t ic  M e a n I n  S W 7 .4 5 1 ,3 8 8 4 0 7 9 3 .6 9 0 .0 9 1 .4 2 0 .1 4 191
I n N 8 .1 2 7 9 5 3 9 2 6 1 .6 8 0 .0 9 0 .9 5 0 .0 4 5 2
O u t le t 7 .8 1 9 7 7 16 31 2 .0 6 0 .0 7 1 .0 7 0 .0 4 161
R a n g e I n  S W 2 .7 4 2 ,0 2 0 6 8 0 1 ,3 4 0 2 0 0 .7 0 6 1.71 4 6 6
I n N 6 .0 4 3 ,7 6 4 4 0 8 1 35 1 .1 5 0 .3 7 2 .8 0 .1 7 1 4 4
O u t le t 2 .5 1 1 ,9 9 9 6 0 1 1 6 2 .2 0 .2 6 2 .7 0 .2 4 4 6 1
S ta n d a r d  d e v ia t io n  I n  S W 0 .4 4 4 5 8 1 0 9 .6 2 2 3 7 .2 9 5 .3 5 0 .1 3 1 .2 8 0 .2 8 1 0 9 .9 6
I n N 0 .9 7 5 2 9 8 6 .7 3 3 7 .3 9 0 .3 9 0 .0 9 0 .8 1 0 .0 4 4 7 .1 2
O u t le t 0 .5 2 3 9 2 1 6 .4 5 4 1 .9 0 0 .9 7 0 .0 7 0 .8 3 0 .0 5 1 2 8 .7 7
S k e w I n  S W -1 .0 9 -0 .5 7 5 .1 2 4 .8 7 3 .0 0 2 .9 6 1 .4 2 4 .6 4 0 .6 7
I n N 1 .7 7 4 .0 2 3 .7 0 1 .7 7 -0 .4 6 1 .8 6 0 .3 3 1 .6 5 0 .8 7
O u t le t -0 .3 9 0 .3 2 1 .4 6 1 .3 0 0 .2 0 2 .0 5 0 .8 5 2 .9 4 1.11
K u r to s is I n  S W 4 .3 8 0 .0 3 2 8 .9 4 2 5 .7 5 9 .7 0 1 0 .1 1 2 .6 9 2 2 .4 4 -0 .0 3
I n N 6 .8 2 2 3 .1 8 1 3 .4 7 2 .3 6 0 .6 3 2 .5 5 -0 .9 8 1 .8 4 -0 .5 1
O u t le t 1 .4 9 1 .1 4 1 .8 0 -0 .0 4 -2 .5 7 3 .4 7 -0 .4 4 1 0 .0 9 0 .1 4
C o n f id e n c e  9 5 % I n  S W 0 .1 1 1 1 6 .7 7 3 2 .7 6 7 9 .7 6 2 .8 0 0 .0 4 0 .4 0 0 .0 7 2 9 .3 3
I n N 0 .2 7 14 8 .0 1 2 9 .1 5 1 3 .8 5 0 .3 1 0 .0 3 0 .2 9 0 .0 1 1 3 .6 2
O u t le t 0 .1 9 1 4 0 .4 2 6 .0 9 2 0 .5 3 0 .8 5 0 .0 3 0 .3 5 0 .0 2 4 8 .5 7
T a b le  H 1 6 :  P o n d  7  -  S u m m a r y  o f  re s u lt  a n a ly s is  (m a n u a lly  c o lle c te d  s a m p le s )
P o n d  7:
A ll  m a n u a l ly  
C o lle c te d  s a m p le s
p
H
(W
Q
I/100)
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o
n
d
u
ctiv
ity
(W
Q
I/100)
T
S
S
(W
Q
I/100)
T
u
rb
id
ity
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B
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D
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N
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T
O
N
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Q
I/100)
P
0
4
+
(W
Q
I/100)
C
h
lo
rid
e
(W
Q
I/100)
O
v
era
ll W
Q
I
(W
Q
I/100)
S a m p le  s iz e I n  S W 5 8 59 4 3 n o n e 14 5 2 4 0 58 n o n e 5 9
I n N 4 9 4 9 3 4 n o n e 6 4 4 3 0 4 8 n o n e 4 9
O u t le t 3 0 3 0 2 8 n o n e 5 2 6 2 2 2 9 n o n e 3 0
M a x im u m  v a lu e I n  S W 1 00 100 1 00 n o n e 1 00 1 0 0 10 0 1 00 n o n e 91
I n N 100 100 1 0 0 n o n e 9 3 1 0 0 10 0 1 00 n o n e 91
O u t le t 100 100 1 00 n o n e 1 0 0 1 0 0 10 0 1 00 n o n e 9 3
M in im u m  v a lu e I n  S W 8 9 0 0 n o n e 0 3 3 2 5 0 n o n e 2 6
I n N 0 0 0 n o n e 8 7 5 8 6 3 5 0 n o n e 31
O u t le t 6 7 0 2 9 n o n e 7 3 6 7 6 3 2 5 n o n e 2 6
A r ith m e t ic  M e a n I n  S W 9 9 5 7 6 n o n e 8 2 9 4 8 2 7 0 n o n e 6 3
I n N 85 19 7 2 n o n e 9 2 9 4 88 9 0 n o n e 6 6
O u t le t 9 4 9 7 8 n o n e 8 8 9 6 8 6 9 0 n o n e 6 8
R a n g e I n  S W 11 100 1 0 0 n o n e 1 00 6 7 7 5 1 00 n o n e 6 4
I n N 100 100 1 0 0 n o n e 7 4 2 3 8 5 0 n o n e 6 0
O u t le t 33 100 71 n o n e 2 7 3 3 3 8 7 5 n o n e 6 6
S ta n d a r d  d e v ia t io n  I n  S W 3 .1 5 15 .73 3 3 .4 1 n o n e 2 8 .2 4 1 3 .2 6 1 5 .7 3 2 6 .0 6 n o n e 1 4 .0 4
I n N 2 2 .3 8 24 .9 1 3 2 .5 2 n o n e 2 .7 2 1 2 .6 5 1 1 .3 4 1 5 .7 4 n o n e 1 3 .3 2
O u t le t 9 .1 0 19.91 2 4 .4 3 n o n e 1 0 .9 5 9 .1 8 1 1 .7 6 1 7 .8 0 n o n e 1 3 .3 3
S k e w I n  S W -3 .0 3 4 .6 4 -1 .1 8 n o n e -2 .3 0 - 3 .0 2 -1 .3 2 - 1 .2 4 n o n e -0 .1 3
I n N -2 .6 1 2 .1 6 - 0 .8 9 n o n e -2 .4 5 -2 .0 3 -0 .4 3 - 1 .5 9 n o n e -0 .7 1
O u t le t -2 .6 1 3 .5 4 -0 .7 5 n o n e -0 .5 2 - 2 .5 4 -0 .8 4 -2 .3 1 n o n e -0 .8 2
K u r to s is I n  S W 7 .4 2 2 4 .5 9 0 .0 2 n o n e 5 .4 5 1 0 .0 5 2 .9 5 1 .1 0 n o n e 0 .3 2
I n N 6 .3 8 5 .0 6 -0 .3 5 n o n e 6 .0 0 2 .6 3 -0 .9 8 1 .4 6 n o n e 0 .2 6
O u t le t 6 .3 8 15 .06 -0 .7 7 n o n e -1 .6 9 5 .3 3 0 .2 1 5 .9 0 n o n e 1 .7 8
C o n f id e n c e  9 5 % I n  S W 0.81 4.01 9 .9 9 n o n e 1 4 .7 9 3 .6 0 4 .8 8 6 .7 1 n o n e 3 .5 8
I n N 6 .2 7 6 .9 8 1 0 .9 3 n o n e 2 .1 8 3 .7 4 4 .0 6 4 .4 5 n o n e 3 .7 3
O u t le t 6 .2 7 7 .1 2 9 .0 5 n o n e 9 .6 0 3 .5 3 4 .9 1 6 .4 8 n o n e 4 .7 7
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A p p e n d i x  I: R a i n  E v e n t s  F o r  M o d e l  V e r i f i c a t i o n
Halbeath pond -  verification events
Table 11: Halbeath pond model verification events and results
Event Observed Model prediction
%tage difference 
predicted - observed
Start End
Rain Volume Peak Volume Peak Volume Peak flow
(mm) (m3) flow (l/s) ( " 0 flow (l/s) <m3) (l/s)
Inlet
20/03/02 22/03/02 14 360 34.8 346 33.8 -3.9 -2.9
01/04/02 01/04/02 4.8 105 14.6 97 17.3 -7.6 18.7
14/04/02 15/04/02 8.8 199 20.6 196 21.3 -1.5 3.2
21/06/02 24/06/02 11 302 24.4 314 30.4 4.0 24.6
30/06/02 01/07/02 8 160 14.1 183 16 14.4 13.9
Outlet
20/03/02 24/03/02 14 354 2.7 461 3.1 30.2 16.8
21/03/02 06/04/02 9.8 646 20.5 650 21.5 0.6 4.9
01/04/02 04/04/02 5 139 1.2 140 1.3 0.7 8.3
14/04/02 19/04/02 9.4 151 1.3 236 1.5 56.3 17.3
14/06/02 17/06/02 23.8 293 2.8 450 4.7 53.6 67.1
Halbeath Pond outlet - Comparison of observed to computed hydrograph (Jul-Aug
2002)
23/07/02 28/07/02 02/08/02 07/08/02 12/08/02 17/08/02
Computed flows ---- Observed flows ■ Rain
Figure 11: Halbeath pond - agreement between model predictions and observed
inflows
Halbeath Pond outlet - Comparison of observed to computed hydrograph (Mar 
2002)
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Com puted flows - O bserved flows
Figure 12: Halbeath pond - agreement between model predictions and observed
outflows
Appendix /  -  M odel verification events 241
Linburn  pond -  verification  events
Table 12: Linburn pond model verification events and results
Event
Start End
Rain
(mm)
O bserved 
Volum e Peak 
(m 3) flow (l/s )
M odel p red ic tion  
V olum e Peak 
(m 3) flow (l/s )
% tage d iffe rence  
p red ic ted  - 
observed 
Vo lum e Peak 
(m 3) flow (l/s )
Detention D/M
14/04/2002 15/04/2002 6.6 50 3.2 47 3.1 -6.0 -3.1
28/04/2002 28/04/2002 4.2 21 3.1 21 2.7 0.0 -12.9
22/05/2002 22/05/2002 11.2 62 8.7 74 7.5 19.4 -13.8
02/06/2002 02/06/2002 6.6 39 2.5 36 3 -7.7 20.0
21/06/2002 22/06/2002 8.4 46 2.9 49 3 6.5 3.4
Inlet E
01/04/2002 03/04/2002 1.2 469 3 452 3.7 -3.6 23.3
12/06/2002 15/06/2002 27.8 2709 32 2434 23.2 -10.2 -27.5
Inlet N1A
24/05/2002 25/05/2002 6.8 313 11.6 371 14.3 18.5 23.3
12/06/2002 16/06/2002 24 1270 38.3 1335 39 5.1 1.8
Inlet N1B
29/04/2002 05/05/2002 15.2 108 21.7 130 18.4 20.4 -15.2
13/05/2002 13/05/2002 8 68 22.3 72 27.6 5.9 23.8
30/06/2002 30/06/2002 6.8 57 11.4 68 9.7 19.3 -14.9
Inlet NE
29/04/2002 29/04/2002 3.8 146 15 145 18.7 -0.7 24.7
12/06/2002 13/06/2002 6.8 288 41.2 310 38 7.6 -7.8
21/06/2002 22/06/2002 8.4 345 49.7 369 52 7.0 4.6
30/06/2002 30/06/2002 6.8 284 23.8 282 27.8 -0.7 16.8
Outlet
14/04/2002 19/04/2002 7.6 2515 19.5 2269 19.1 -9.8 -2.1
29/04/2002 05/05/2002 15.6 4388 15.9 3962 14.9 -9.7 -6.3
13/05/2002 01/06/2002 60.6 14980 38.3 15060 35.3 0.5 -7.8
02/06/2002 07/06/2002 11.2 3134 15 2865 13.6 -8.6 -9.3
16/06/2002 01/07/2002 29 10550 35.1 10670 30.1 1.1 -14.2
L inb u rn  P ond in le t E - c o m p a ris o n  o f o b s e rv e d  to  co m p u te d  h yd ro g ra p h
(Ju ne  02)
Figure 13: Linburn pond inlet E - agreement between model predictions and observed
flows
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L inb u rn  P ond in le t NE - c o m p a ris o n  o f o b se rve d  to  co m p u te d  hyd ro g ra p h
(Ju ne  02)
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Figure I4: Linburn pond inlet NE - agreement between model predictions and
observed flows
Figure I5: Linburn pond inlet N1A - agreement between model predictions and
observed flows
Figure I6: Linburn pond inlet N1B - agreement between model predictions and
observed flows
Figure 17: Linburn pond outlet - agreement between model predictions and observed
flows
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A p p e n d i x  J :  M o d e l  S c h e m a t i c s
Halbeath pond catch m en t - model sch e m a tics
Figure J1: Halbeath pond catchment - schematic model set-up of existing d rainage 
network and ‘detention basin only’ scenario
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Figure J2: Halbeath pond catchment - schematic of model set-up for ‘permeable 
paving and detention basin’ scenario
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Figure J3: Halbeath pond catchment - schematic of model set-up for conventional
‘pipe system ’ scenario
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Figure J4: Halbeath pond catchment - schematic of model set-up for greenfield
scenario
Linburn pond catchm ent - model sch e m a tic s
Figure J5: Linburn pond catchment - schematic model set-up of existing drainage
network
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Figure J6: Linburn pond catchment - schematic model set-up for ‘pond only’ scenario
Figure J7: Linburn pond catchment - schematic model set-up for ‘permeable paving,
detention basins and pond’ scenario
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Figure J8: Linburn pond catchment - schematic of model set-up for conventional ‘pipe
system ’ scenario
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FigureJ9: Linburn pond catchment - schematic of model set-up for greenfield scenario
Appendix J -  M odel schematics 247
A p p e n d i x  K :  M o d e l l i n g  -  F l o w  A t t e n u a t i o n  
E f f i c i e n c i e s  A n d  S u p p l e m e n t a r y  G r a p h s
Halbeath pond graphs
G re e n f ie ld  r u n o f f  a t  4  m m  s u r fa c e  s to ra g e
[ —  M 1 -6 0  — M 2 -6 0  "X- M 5 -6 0  —  M 1 0 - 6 0  — M 3 0 - 6 0  — - M 5 0 - 6 0  — M 1 0 0 - 6 0 ]
Figure K1: Halbeath pond -  Model predicted greenfield flow rates for the one hour 
design storm s with return periods of 1 to 100-years
Figure K2: Halbeath pond ‘conventional pipe system ’ scenario -  Model predicted flow 
rates for the one hour design storm s with 2-years return period
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Replacement of existing SUDS with pipe only scenario (DS M100-60,16/0.28,
Summer)
---- FDS (existing scenario) — FDS (no surface storage)
Figure K3: Halbeath pond ‘conventional pipe system ’ scenario -  Model predicted flow  
rates for the one hour design storms with 100-years return period
H albea th  p o n d  - p re d ic te d  pe ak  f lo w  a tte n u a tio n  e f f ic ie n c y  o f  v a r io u s  SUDS la y o u ts
________________ _______ __  return period o f rain event
—♦—  Existing, no su rface  storage — ■—  Detention basin
Detention basin, no su rface  storage —H—  Permeable pavement, 80 mm orifice  outlet
—* —  Permeable pavement, 90 mm orifice outlet —• —  Permeable pavement, 100 mm orifice  outlet
f ' Existing
Figure K4: Halbeath pond -  Model predicted peak flow attenuation efficiencies of
various SU D S  layouts
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Linburn pond graphs
Greenfield runoff at 4 mm surface storage
Figure K5: Linburn pond -  Model predicted greenfield flow rates for the one hour 
design storm s with return periods of 1 to 100-years
Replacement of existing SUDS with pipe only scenario 
(DS M2-60, 16/0.28, Summer)
</)£O
\ _ _
J
0 0 : 0 0  0 4 : 4 8  0 9 : 3 6  1 4 : 2 4  1 9 : 1 2
---- FDS (existing scenario) ---- FDS (no surface storage)
Figure K6: Linburn pond ‘conventional pipe system ’ scenario -  Model predicted flow  
rates for the one hour design storms with 2-years return period
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Replacement of existing SUDS with pipe only scenario (DS M100-60, 16/0.28,
Summer)
---- FDS (existing scenario) ---- FDS (no su rface storage)
Figure K7: Linburn pond ‘conventional pipe system ’ scenario -  Model predicted flow  
rates for the one hour design storm s with 2-years return period
L in b u rn  p o n d  - p re d ic te d  peak f lo w  a tte n u a t io n  e f f ic ie n c y  o f  v a r io u s  SUDS la y o u ts
re turn period o f rain event
Existing 
Rond only
Permeable pavement, 80 mm orifice outlet 
Existing
Permeable pavem ent, 100 mm orifice  outlet
Existing, no impermeable su rface  s to rage  
Larger pond, no impermeable s u r fa c e  storage 
Permeable pavement, 100 mm orifice  outlet 
Permeable pavement, 90 mm orifice  outlet
Figure K8: Linburn pond -  Model predicted peak flow attenuation efficiencies of
various SU D S  layouts
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Appendix L: Modelling -  Supplementary Catchment 
Data
Halbeath Pond C atchm ent
T a b le  L 1 :  H a lb e a th  p o n d  -  a llo c a t io n  o f  p e rm e a b le  a r e a s  fo r  ‘p e rm e a b le  p a v e m e n t ’
s c e n a r io
Catchment number & description Area (ha) Permeable paving (%)
No 311 - buildings & car park 0.7 50%
No 312, 313 & 314 - buildings & car park 1.3 27%
No 331 & 341 - buildings & car park 1.5 23%
No 351 & 352 - buildings & car park 1.3 27%
No 371 & 372 - buildings & car park 1.5 23%
No 380 - buildings & car park (original green 
area around pond) 0.7 50%
No 390 & 391 - Spine road through Duloch Park 0.8 to detention basin
No 333 - Green areas 5.7 diffuse runoff
Linburn Pond C atch m en t
T a b le  L 2 :  L in b u r n  p o n d  c a tc h m e n t - p e r v io u s  a r e a s  d e p r e s s io n  s t o r a g e s  fo r  m o d e l 
v e rif ic a tio n  a n d  ‘w o rs t  c a s e ’ s c e n a r io
V e r i f i e d  m o d e l  -  
p e r v i o u s  a r e a s  
d e p r e s s i o n  s t o r a g e  ( m m
W o r s t  c a s e  s c e n a r i o  m o d e l  
-  p e r v i o u s  a r e a s  
d e p r e s s i o n  s t o r a g e  ( m m )
I n l e t  E  -  r e s i d e n t i a l  a r e a s 1 0
I n l e t  E -  d u m m y  c a t c h m e n t s  f o r  b a s e  f l o w s N / A N / A
I n l e t  N E  -  l e i s u r e  p a r k 7 5
I n l e t  N E  -  r o a d  d r a i n a g e 3 2
I n l e t  N E  -  r e s i d e n t i a l  a r e a s 3 1
I n l e t  N I B  -  r o a d  d r a i n a g e 4 3
P o n d  s u r f a c e N / A N / A
P o n d  d u m m y  c a t c h m e n t  f o r  g r o u n d w a t e r N / A N / A
I n l e t  N 1 A  -  R e s i d e n t i a l  a r e a s  d r a i n i n g  v i a  
d e t e n t i o n  b a s i n  ( b a s i n  f i l l s  w h e n  f l o w  e x c e e d s  
t h r o t t l e  r a t e ) 5 3
I n l e t  N 1 A  -  R o a d  d r a i n i n g  d i r e c t l y  t o  i n l e t  N 1 A 7 5
T a b le  L 3 :  L in b u r n  p o n d  -  a llo c a t io n  o f  p e rm e a b le  a r e a s  fo r  ‘p e rm e a b le  p a v e m e n t ’
s c e n a r io
C a t c h m e n t  n u m b e r  &  d e s c r i p t i o n A r e a  ( h a ) P e r m e a b l e  p a v i n g  ( % )
N o  1 1 0 ,  1 1 1  &  1 1 2 c o m m e r c i a l 2 . 3 4 0 %
N o  1 1 3  &  1 1 4  c o m m e r c i a l 1 .3 3 0 %
N o  1 1 5  c o m m e r c i a l 0 . 4 4 0 %
N o  1 1 6  c o m m e r c i a l 0 . 6 4 0 %
N o  1 1 8  c o m m e r c i a l 0 . 6 3 0 %
N o l l 7 & 1 1 9  c o m m e r c i a l 1 .2 3 0 %
N o  1 2 0  m e d i u m  d e n s i t y  r e s i d e n t i a l  h o u s i n g 5 .1 n o n e
N o  1 3 0  i n d u s t r i a l 1 5 . 9 n o n e
N o  1 4 0  m e d i u m  d e n s i t y  r e s i d e n t i a l  h o u s i n g 5 . 9 n o n e
N o  1 5 0  m e d i u m  d e n s i t y  r e s i d e n t i a l  h o u s i n g 2 . 7 n o n e
N o  1 6 0  c o m m e r c i a l  /  c o m m u n i t y  c e n t r e 1 .4 n o n e
N o  1 7 0  &  1 7 1  m e d i u m  d e n s i t y  r e s i d e n t i a l  h o u s i n g 1 2 . 5 n o n e
N o  1 8 0  m e d i u m  d e n s i t y  r e s i d e n t i a l  h o u s i n g 1 1 n o n e
N o  1 9 0 - 1 9 8  r o a d 5 . 5 n o n e
N o  1 1 1 1  c o m m e r c i a l 1 .1 n o n e
N o  1 0 0 0  d u m m y  c a t c h m e n t  f o r  g r o u n d w a t e r  i n t o  p o n d 5 . 5 5 N / A
N o  1 8 0 0  d u m m y  c a t c h m e n t  f o r  f l o w  a t  i n l e t  E 2 3 N / A
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